BCN　ケイ　ハクマク　ノ　ゴウセイ　ト　ソノ　コウゾウ　カイセキ by Mannan, Md. Abdul
 
                                                                             
  
 
 
 
 
 
 
 
 
 
 
 
September 2010   
 
 
 
 
 
Division of Energy and Materials Science 
Graduate School of Science and Engineering 
Saga University 
Japan  
 
 
 
 
 
 
 
 MD. ABDUL MANNAN
Synthesis and Structural Analysis of B–C–N Hybrid 
Films and Related Low-Dimensional Materials
 
                                                                             
  
 
  
 
 
 
 
 
Dissertation submitted for the requirement of the 
Doctor of Philosophy degree in the field of Chemistry 
 
 
 
 
 
 
 
 
 
 
 
 
 
By 
Md. Abdul Mannan 
M. Eng., M.Sc., B. Sc. (Honors)  
 
 
Supervisor 
Professor Dr. Hideyuki Noguchi 
 
 
 
 
Division of Energy and Materials Science 
Graduate School of Science and Engineering 
Saga University  
Japan 
 
September, 2010 
Synthesis and Structural Analysis of B–C–N Hybrid 
Films and Related Low-Dimensional Materials
 
                                                                             
  
Approval  
 
 
Division of Energy and Materials Science 
Graduate School of Science and Engineering 
Saga University 
1 Honjo-machi, Saga 840-8502, Japan 
 
 
CERTIFICATE OF APPROVAL 
  
Ph.D. THESIS 
 
This is to certify that the Ph.D. thesis of 
 
     
 
 
has been approved by the Examining Committee for the thesis requirement 
for the Doctor of Philosophy degree in the field of Chemistry at the 
September, 2010 graduation. 
 
Thesis Committee:  
 
 
Prof. Dr. Hideyuki Noguchi, Supervisor: 
 
Prof. Dr. Qixin Guo, Member: 
 
Prof. Dr. Masanao Era, Member: 
 
Prof. Dr. Mitsunori Yada, Member: 
 
Prof. Dr. Yuji Baba, Member: 
 
 
Honorable Prof. Dr. Masamitsu Nagano, Advisor: 
 
Md. Abdul Mannan
 
                                                                             
  
 
 
 
 
 
 
 
 
 
 
 
To  
My beloved  
Mother and late Father  
My wife, daughter and son  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                             
  
ACKNOWLEDGEMENTS 
 
 All praises and gratitude due to ALMIGHTY ALLAH WHO had been created me and sent in this word 
as HIS servant. I am grateful on HIM because nothing would be possible unless HIS blessings and Mercy. 
 
I am heartily grateful on Prof. Dr. Masamitsu Nagano, my previous supervisor, who had been accepted me 
in his laboratory as a foreign post graduate student. His scientific and valuable suggestions were helped me in 
understanding many complex points in this study. This thesis would not have been possible unless I was 
accepted by him. 
 
I take this opportunity to express my gratitude to Prof. Dr. Hideyuki Noguchi, my supervisor, for all the 
support and guidance he has given me throughout my Ph.D. study and research. His guidance, suggestions and 
constant encouragements helped me a lot. 
 
   I owe my sincere and deepest gratitude to Dr. Yuji Baba, Japan Atomic Energy Agency (JAEA), Tokai-
mura, Naka-gun, Ibaraki, who has been supervised my research work during my one year research in JAEA. 
Beside my supervisors, I am grateful to my committee members who have been helpful and generous with their 
time and expertise to evaluate my thesis.  
 
I would like to show my gratitude to Dr. T. Sekiguchi, Dr. I. Shimoyama, and Ms. N. Hirao, JAEA, for 
their kind discussions relating to my research work and social gathering. I would like to thank Dr. Y. 
Kitajima (KEK-PF) to assist me during NEXAFS measurement at BL-11A of the KEK-PF.  
 
I would like to acknowledge Prof. H. Nakamura, Prof. K. Isono, Prof. T. Yamato, Prof. K. Nakashima, 
Prof. M. Era, Prof. T. Watari, and Prof. T. Kida for their kind help, valuable advices, informative comments 
and suggestions. My special thanks goes to Dr. M. Unno for his kind help in measuring Raman spectra in his 
laboratory. My sincere thanks goes to Dr. Md. Nizam Uddin for his kind co-operations and valuable 
suggestions about my study. His mental supports are greatly acknowledged.   
 
I offer my heartfelt thanks and blessings to all of my friends and laboratory members who have supported 
me in any respect directly or indirectly during completion of my Ph.D. thesis in Japan.     
 
Finally, I am deeply grateful to my wife Azmira Parvin for the tremendous amount of inspiration and 
mental support regarding my study as well as my conjugal life. My deepest love and affection to my daughter 
Jahan Samiha and son Ahnaf Al-Mueed for whom I forgot all of my difficulties in observing their smiling 
face during my study in Japan.     
 ----------------- Md. Abdul Mannan       
                                                                                                                              September, 2010, Saga, Japan 
 
                                                                             
  
List of abbreviations   
 
RF-PECVD : Radiofrequency plasma enhanced chemical vapor deposition 
FT-IR   : Fourier transform infrared  
XRD    : X-ray diffraction  
XPS    : X-ray photoelectron spectroscopy 
NEXAFS  : Near-edge x-ray absorption fine structure  
EELNES  : Electron energy loss near-edge structure 
EELS   : Electron energy loss spectroscopy  
LEED   : Low energy electron diffraction 
UPS    : Ultraviolet photoelectron spectroscopy 
SEM    : Scanning electron microscopy  
TMAB   : Tri-methylamine borane  
TDMAB  : Tris-dimethylamino borane 
PDMS   : Poly(di-methyl silane) 
FWHM   : Full-width at half-maximum 
SR    : Synchrotron radiation  
UHV    : Ultrahigh vacuum 
AEY    : Auger electron yield  
PEY    : Partial electron yield 
TEY    : Total electron yield 
IMFP’s   : Inelastic mean free paths 
ITO    : Indium tin oxide 
HOMO   : Highest occupied molecular orbital 
LUMO   : Lowest unoccupied molecular orbital 
      
 
B–C–N hybrid and related low-dimensional materials........                                                                             Content 
 i  
Contents 
Page 
Chapter 1                                                                                                                          1 
Introduction 
 
1.1. General introduction ….…………..……………………….…………………….… 2 
1.2. B–C–N hybrid films …..…………………………………………………………... 4 
1.3. Silicon polymer thin films ………………………………………………………...  8 
 
Chapter 2                                                                                                                        10 
Preparation methods and basic principle of the major instrumental techniques 
 
2.1. Preparation methods ...............................................................................................11  
2.1.1. Plasma enhanced chemical vapor deposition (PECVD) ……………………. 11 
2.1.2. Deposition of B–C–N hybrids by RF-PECVD ……….………....…………. 12 
2.1.3. High vacuum evaporation of silicon polymer films ……….………………. 14 
2.2. Substrate preparation and its cleaning procedure …………..…….….…………... 17  
2.2.1. Cleaning compounds …………………………………………………….….. 19 
2.2.1.1. Acetone ……………………………..…….…………………………. 19 
2.2.1.2. Hydrofluoric acid (HF) ………………………………………………. 19 
2.3. Precursors used in this study …………………………..…………….................. 19  
2.4. Instrumental analysis ………………….…………………….…………………… 19  
2.4.1. X-ray diffraction (XRD) …………………………………….……………… 19  
2.4.2. FT-IR and Raman spectroscopy ……………..………………………........... 20 
2.4.3. Field emission scanning electron microscopy (FE-SEM) ………..………... 21 
2.4.4. X-ray photoelectron spectroscopy (XPS) ….………………......................... 21 
2.4.4.1. Compositional study …..……………………………………………….. 24  
2.4.5. Near edge X-ray absorption fine structure (NEXAFS) ….………………….. 24   
2.4.5.1. Introduction ………………………………………………………..… 24 
2.4.5.2. Synchrotron radiation    …………………………................................ 25 
2.4.5.3. Basic principles of NEXAFS ………………………............................ 26 
2.4.5.4. Configuration of local structure ……………………............................ 27
 
B–C–N hybrid and related low-dimensional materials........                                                                             Content 
 ii  
2.4.5.5. Orbital orientation …………………..…………………………………. 28  
2.4.6. NEXAFS experiment detail ………….…..………………............................ 28 
2.4.6.1. X-ray absorption cross-section ………………………………………… 29 
2.4.6.2. Experimental detection of X-ray absorption …..…...…………………. 30  
2.4.6.3. Energy calibration of NEXAFS spectra …….……...…………………. 32 
2.4.6.4. Polarization dependence of NEXAFS ………….......…………………. 33 
 
Chapter 3                                                                                                                        35 
Characterization of B–C–N hybrids synthesized from TDMAB as the precursor 
 
3.1. Introduction …..………………………………………..……………………....... 36 
3.2. Experimental procedure …..……………………………..………………………. 36 
3.3. Results and discussion ……………………………………..……………………. 37 
3.3.1. FT-IR analysis on the bonding state of the deposited films …….…………... 37 
3.3.2. Compositional analyses by XPS ………………………………..………..… 39 
3.3.3. NEXAFS analyses on the geometrical structure ……………...………..…… 44 
3.3.4. Polarization dependence of NEXAFS analyses on orbital–orientation …….. 46 
3.4. Conclusion ……………………………………………………………............... 49  
 
Chapter 4                                                                                                                        50 
Atomic arrangement and orientation of crystalline B–C–N hybrid films 
on different substrates 
 
4.1. Introduction ………………………….…………..……………………………..... 51 
4.2. Experimental procedure …...................................................................................... 51 
4.3. Results ……………………………………………….…………………………. 52 
4.3.1. FT-IR study on bonding state …….……….….………………….…………. 52 
4.3.2. XRD analyses on crystallinity ………………..………………………….…. 54 
4.3.3. XPS analyses on composition ……..………………..……………….……… 56 
4.3.4. Orbital-orientation of h-BCN hybrids on different substrates ……………….59 
4.4. Discussion ……………………….………..………….…………………………... 66 
4.4.1. Atomic arrangement ………………….…..………………………................. 67 
 
B–C–N hybrid and related low-dimensional materials........                                                                             Content 
 iii  
4.4.2. Composition ………………………………………………………………... 70 
4.4.3. Orientation …………….……………….…………………………….……... 70 
4.5. Conclusion ….……………..………………..…………………………………..... 71 
 
Chapter 5                                                                                                                        72 
Stoichiometric growth of B–C–N hybrid films on HOPG 
 
5.1. Introduction …………………………………..……………………………….......73 
5.2. Experimental procedure …………………………………………..……………… 73 
5.3. Results and discussion ….………………………………………………………... 74 
5.3.1. Compositional analyses by XPS …….……………………………………… 74 
5.3.2. Orbital-orientation by polarization dependence of NEXAFS …………...... 80 
5.3.4. Raman measurements on bonding state ……………………........................ 84 
5.3.5. XRD measurements on crystallinity ……………..………….………............ 85  
5.3.6. Microstructure analyses by FE-SEM ………..……………………….……... 85 
5.4. Conclusion ….………………………………….……………………………… 87 
 
Chapter 6                                                                                                                        88 
Self-ordering of silicon polymer films on solid surfaces 
 
6.1. Introduction …………………………………………..………………..……..... 89 
6.2. Experimental procedure ….……………………………………..……………..... 90 
6.3. Results and discussion …………………………………........................................ 91 
6.3.1. XPS analyses on the electronic structure …….…………..…………….…... 91  
6.3.2. Si K-edge NEXAFS analyses on the self-ordering …………..…………..… 94 
6.4. Conclusion …..………………………………………………………………... 112 
 
Chapter 7                                                                                                                      113 
Summary and conclusion 
 
8. References …………………………….………………………………………….. 116
 
B–C–N hybrid and related low-dimensional materials........                                                                             Content 
 iv  
Appendix 
 
List of publications …………………..………………..…….……….………..……. 125 
 
 
 
 
 
 
 
B–C–N hybrid and related low-dimensional materials........                                                                     Introduction 
 1  
 
 
 
 
 
 
 
Chapter 1 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B–C–N hybrid and related low-dimensional materials........                                                                     Introduction 
 2  
1.1. General introduction   
 
 Ternary compounds containing boron, carbon and nitrogen so-called “boron 
carbonitride” are potential candidates as the super-hard materials. The boron 
carbonitride compounds essentially the alloys of boron, carbon and nitrogen and attract 
attention due to the possible industrial applications. The industrially important materials 
existed in the B–C–N triangular system could be summarized by the phase diagram 
shown in Fig. 1.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Phase diagram of the ternary B–C–N system composed of boron, carbon 
and nitrogen. 
 
 The vertices and sides containing interesting phases like diamond, graphite, fullerene, 
carbon nanotubes, boron carbide, boron nitride and hypothetical carbon nitride.[1–3] The 
compounds, shown in Fig. 1, exhibit exceptional properties and attract much attention 
for their mechanical, optical and electronic perspectives.[4] Diamond has the cubic 
structure with sp3 hybridization of tetrahedrally coordinated carbon atoms with a bulk 
modulus of 442 GPa and still it has been considering as the hardest material.[5,6] The 
high hardness of diamond is resulted due to the sp3 bonded carbon and the shorter C–C 
bond lengths.[7–9] Although diamond is known as the hardest material, the cubic phase 
of boron nitride (c-BN) is the next to diamond in hardness. Boron carbide (B4C) is the 
third hardest material. It is even harder than diamond and c-BN at the elevated 
B
C N
BxCyNz
B4C h-BN/c-BN
α,β,c-C3N4Diamond
Graphite
Fullerene
Nanotube
α,β,c-C3N4
B4C
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temperature over 1100oC.[10] Materials with the hardness > 40 GPa are defined as the 
“super-hard” or “ultra-hard” materials which includes diamond, boron carbide, cubic 
boron nitride and carbon nitride.[11] Hardness of some super-hard materials in the        
B–C–N triangle system has been described in Table 1. It has been found that the bulk 
modulus of c-BC2N is higher than the c-BN and still it is lower than those of diamond.  
 
 
Table 1. Hardness of some “super-hard” materials.   
Materials Hardness (GPa) 
Diamond  443[8,12] 
B4C  30 ~ 45[11] 
c-BN  40 ~ 60[11] 
Hypothetical β-C3N4  421 ~ 557[13–15]  
c-BC2N 282[16] 
 
 
    
 The hexagonal boron nitride (h-BN) and graphite possessed almost similar 
crystalline structure are shown in Fig. 2. These two materials have quite different 
electrical properties. The h-BN (d002 = 0.28 nm)[17,18] is a wide-band insulator (Eg = 3.6 
~ 7.1 eV)[19] while the graphite (d002 = 0.335 nm) is a semi-conductor.[20] The 
isoelectronic structures of the h-BN and graphite have been predicted in synthesizing of 
their solid solution named hexagonal BCN compounds. It is thought that the electrical 
and intercalation properties of such hybrids might be intermediate between those of the 
h-BN and the graphite.[21]    
 The c-BN having the electronic structure similar to diamond is shown in Fig. 3. It has 
a number of highly desirable mechanical, thermal, electrical, and optical properties. The 
fact is that the c-BN has some good aspects than the diamond such as (i) it does not 
react readily with ferrous metals, (ii) it can be deposited at lower temperature [22] and 
(iii) it has a high resistance to oxidation even at elevated temperature.[23] The similarities 
in electronic structures and closely matched lattice parameters of diamond and c-BN, 
the c-BCN compounds are anticipated which may form the novel super-hard and the  
super-abrasive materials.[24,25] 
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                          (a)                                                                      (b)                                                             
 
 
 
 
 
 
 
Fig. 2. Crystal structures: (a) graphite (b) hexagonal boron nitride (h-BN).  
 
 
 
 
 
 
  
 
 
 
Fig. 3. Crystal structures: (a) diamond (b) c-BN.[26]  
 
 
1.2. B–C–N hybrid films  
 
There have been some reports on the syntheses of the c-BCN compounds by high 
pressure and high temperature methods.[27,28] Ulrich et al.[29] and Filonenko et al.[30] 
have tried to deposit c-BCN crystal with different compositions by high temperature 
method. Nevertheless, it is controversial to achieve successful preparation of the single 
phase of the crystalline c-BCN. The details of the chemical and structural 
characterization of the c-BCN compound still remained ambiguous, since the c-BCN 
compounds belong to different metastable structures.[31]     
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The h-BCN compounds are expected to be semi-conducting with various band gap 
energies depending on its composition and structure.[32,33] It is attractive in the 
applications to optical, electronic, and luminescent devices.[34–38] It might also be 
applicable to the host material for the rechargeable lithium ion battery.[1] Theoretical 
studies have been carried out based on the “ab initio” calculations in order to study the 
possible crystal structure and physicochemical properties of the h-BCN compound.[39–46] 
Using the “first-principle pseudopotential approach”, three possible atomic 
arrangements of the graphite-like BC2N system have been proposed by Liu et al.[32] The 
proposed structural models are shown in Fig. 4. According to their calculations, model-I 
is a metal and the model-II and model-III are semi-metal. The other compositions such 
as BC3N, and BC6N with graphite-like structure have also been proposed.[47,48] 
 
 
 
                                                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Proposed structural models of graphite-like BC2N system. Model-I is metal 
and models-II and III are semi-metal. The dashed line shows the unit cell.[32]   
 
 
NitrogenBoron Carbon 
Model- I Model- II
Model- III
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Fig. 5. The most stable crystal structure in BC2N system: (a) parallel running of  
C–C and B–N chains, (b) parallel running of B–C and C–N chain. The dashed line 
shows the unit cell.[49]    
 
Nozaki et al. have studied the structural stability and atomic arrangements of 16 
polymorphic B–C–N structures obtained by the “semi-classical” method.[49] Among 
them, the most stable structures having the parallel running of the C–C and B–N bonds 
and the B–C and C–N bonds are shown in Fig. 5. The number of chemical bonds and 
the corresponding binding energies in the unit cell of the most stable BC2N system are 
described in the Table 2 and 3. On the basis of the bond energy and the number of B–B, 
N–N, B–N, and C–C bonds in the B–C–N crystal, it is concluded that the structure tend 
to become unstable if the system contains more B–B and N–N bonds. Conversely, the 
structure would be more stable with homogeneous atomic arrangement and it should 
contains more B–N and C–C bonds.[49].  
 
Table 2. Number of chemical bonds in the unit cell of the BC2N system.[49]    
 Chemical bonds 
Model C－C B－C N－C B－N B－B N－N 
(b) 4 2 2 4 0 0 
NitrogenBoron Carbon 
(b)  (a)   
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Table 3. Bond energies estimated from the standard formation of enthalpy of the 
BC2N system.[50]    
Bonding state C－C B－C N－C B－N B－B N－N 
Binding energy ( eV ) 3.71 2.59 2.83 4.00 2.32 2.11 
 
 
 
Syntheses of the ternary B–C–N compounds with various compositions by different 
methods using different source materials have been reported.[51–56] In the CVD process, 
researchers used various single source molecular precursors such as triethylamine 
borane (C6H18NB)[53], dimethylamine borane (C2H10NB)[57], N,N,N-trimethylborazine 
[(CH3)3N3B3H3] and N-pyrrolidinodi-ethylborane (C8H18BN)[58], pyridineborane 
(C5H5NBH3) and triazaborabicyclodecane [BN3H2(CH2)6[59] as the source of B, C and N. 
Despite these liquid precursors, mentioned above, other gaseous precursors such as 
C2H2+NH3[21], N2+CH4+Ar[60], borazine+NH3[61], BCl3+CCl4+N2+H2[62], BCl3+ 
CH3CN[63,64], NH(CH3)2:BH3+NH3+C2H4[65], and B+N2[66], have been frequently used 
for the preparation of B–C–N hybrid. However, it is very difficult to control the 
composition as well as prevention of the oxygen incorporation in the deposited films 
owing to the high reactivity of boron with oxygen.    
It has been found that most of the reported B–C–N compounds are the mixtures of 
the nano-crystalline hexagonal and the cubic phases or the amorphous phase.[67–74] 
Nevertheless, synthesis of crystalline single phase of the h-BCN with large grain size 
has not been achieved yet due to its compositional variety. Therefore, proper 
characterization to demonstrate the existence of the BCN compound in the expected 
atomic arrangement has not been possible. It is clear from the reports cited above that 
the crystallographic structure in the BCN films is not clearly demonstrated. 
Experimental efforts were not devoted to clarify the atomic arrangement and 
composition precisely in the films. Therefore, synthesis of the crystalline BCN films 
with controlled composition has become a crucial issue.    
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In this thesis, efforts are aimed to synthesize crystalline B–C–N hybrid films by radio 
frequency plasma enhanced chemical vapor deposition (RF-PECVD) method because in 
the RF-PECVD method, the reaction parameters could be controlled independently. In 
addition, plasma is very reactive and it stimulates the reactivity of the fragment ions of 
the precursor molecule. Tris-dimethylamino borane (TDMAB) has been used as the 
single source precursor material. It was thought that this raw material could facilitate the 
formation of well ordered crystalline B–C–N hybrid because N has both the N–C and 
N–B bonds in its molecule.  
X-ray photoelectron spectroscopy (XPS) has been used to study the chemical 
composition and atomic arrangement of the deposited samples. Since the local 
geometrical structure and orbital orientation has not been clarified clearly. Therefore 
near-edge X-ray absorption fine structure (NEXAFS) has been employed to clarify the 
orbital orientation and the local geometrical configuration. The other spectroscopic 
methods such as Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction 
(XRD), Raman spectroscopy have frequently been used to clarify the crystalline 
structure and bonding character. 
In this thesis, experimentally successful preparation of single phase of the crystalline 
B–C–N hybrid with large grain size is achieved. The crystallographic structures of the 
BCN hybrid are clearly demonstrated. The unique atomic composition and orientation 
of the B–C–N hybrids on different substrates are precisely investigated. 
    
1.3. Silicon polymer thin films    
 
The silicon polymer, called “silane” composed of Si–Si backbone, is considered as 
an ideal one-dimensional molecular wire with high electric conductivity. The high 
electric conductivity along the one-dimensional chain is resulted due to the smaller band 
gap between the highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO). It has excellent electrical properties such as conductivity in 
comparison with carbon-based polymers. Since the σ-electrons in polysilane are 
delocalized comparable to those of π-electrons in the conjugated carbon-based polymers. 
Also, thin films of polysilanes have outstanding physical properties such as 
photoconductivity and ultraviolet electro-luminescence.  
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The electric and optical properties in thin films of one-dimensional polymers 
strongly depend on the electronic structure and molecular orientation. The chemical 
formula of the polydimethylsilane (PDMS) is shown in Fig. 6.   
 
 
 
 
 
 
 
Fig. 6. The molecular formula of the polydimethyl silane (n = ~ 2000).     
 
Up to now, there is no experimental or theoretical works which describe the 
molecular orientation and ordering of the silicon polymer on solid surfaces. Therefore, 
precise determination of the orientation and ordering of silicon polymers has become 
very important issue.   
As the part of my thesis, the electronic structures and molecular orientations of the 
PDMS films, which consist of least carbon branch to the silicon backbone, on metal and 
semiconductor surfaces have been explored. PDMS’s were deposited on the substrates 
by precisely controlled vacuum evaporation technique. The substrates investigated are 
indium tin oxide (ITO) and highly oriented pyrolytic graphite (HOPG). The orientations 
and electronic structures of the films as well as those of the annealed samples were 
studied by Si K-edge NEXAFS and XPS using linearly polarized X-rays from the 
synchrotron radiation light source. On the basis of the results for the orientation changes 
by thickness, substrate and temperature, the mechanism of the self-ordering of PDMS 
has been discussed in detail in the following chapter 6.             
n
CH3
Si
CH3
PDMS
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Chapter 2 
Preparation methods and basic principle of the 
major instrumental techniques  
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2.1. Preparation methods 
 
2.1.1. Plasma enhanced chemical vapor deposition (PECVD)  
 
Chemical vapor deposition (CVD) is a chemical process used in depositing high 
purity, high performance solid materials including semiconductor industry to produce a 
variety of thin films, coatings and powders. It is also used in the production of fibers 
and monolithic parts, as well as compounds such as carbides, nitrides, borides, oxides 
etc. In a typical CVD processes, the substrate is exposed to one or more precursors 
which react and/or decompose on the substrate surface to produce the desired deposit. 
Frequently, volatile by-products are also produced, which are removed by gas flow 
through the reaction chamber. It has been considered ideal in thin film preparation.  
Although CVD reactors vary tremendously in many respects, they all have several 
common features; a reaction system, source of reactant gases, a heated substrate, and an 
exhaust system.  The reaction system may be simple or complex and may operate at 
different pressure ranging from high to low vacuum conditions. The reactant gases can 
either be supplied from cylinders of compressed gases or be generated in the reactor. 
Mass flow controllers are used to ensure consistency and uniformity of the supply of 
both source and carrier gases. In this process the substrate is placed inside a reactor to 
which source gases are supplied. The fundamental principle of this process is described 
as a solid material condenses on the substrate surface in the reactor. The two most 
important CVD technologies are the low pressure CVD (LPCVD) and the plasma 
enhanced CVD. In the plasma enhanced chemical vapor deposition (PECVD), the 
chemical reactions are involved in the process which occurs after creation of plasma of 
the reacting gases. The plasma is generally created by radiofrequency (RF) AC or DC 
discharge between two electrodes.  
Usually, PECVD uses electrical energy to generate a glow discharge (plasma) in 
which the energy is transferred into a gas mixture. This transforms the gas mixture into 
reactive radicals, ions, neutral atoms, molecules and other highly excited species. These 
atomic and molecular fragments interact with a substrate and either etching or 
deposition processes occur at the substrate depending on the nature of these interactions. 
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The most common frequencies in use for PECVD are microwave (MW) at 2.45 MHz 
and RF wave at 13.56 MHz.  
The LPCVD process produces layers with good uniformity of thickness and material 
characteristics. The major problems with the process are the high deposition 
temperature (higher than 600°C) and the relatively slow deposition rate. The PECVD 
process can be operated at lower temperatures (down to 300°C) and has advantage in 
the extra energy supply to the gas molecules by the plasma in the reactor. However, 
most PECVD systems can give only deposit on one side of the wafer at a time.   
Different deposition methods have been reported for the synthesize of B–C–N films 
such as chemical vapor deposition[60–65], radio frequency magnetron sputtering[75–77], 
pulsed laser ablation[78,79], ion beam sputtering[80] etc. However, the reported B–C–N 
samples were not improved quality and the crystalline B–C–N film is still under 
development. To my best knowledge, there are no reports which describe the existence 
of single crystal of the hexagonal B–C–N hybrid.  
In the last few years, the plasma enhanced chemical vapor deposition method has 
become more important because, the deposition parameters can be adjusted simply and 
independently in this process.[55] In addition, the PECVD has the following advantages:  
(i) Plasma is very active for film deposition because it makes ion and radical. 
(ii) Ion density is more concentrated in case of RF and/or MW. 
(iii) It is one step process.   
 
2.1.2. Deposition of B–C–N hybrids by RF-PECVD 
 
The radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) 
method has been used to synthesize B–C–N hybrid films on different substrates. The 
schematic representation of the RF-PECVD deposition system is shown in Fig. 7. The 
reaction chamber is a quartz tube of 120 cm in length and 28 mm in inner diameter. The 
RF (13.56 MHz) generator with 1 kW (MB-259B, Nippon Kshuha), was used. The RF 
generator is inductively coupled through manual matching network to a copper coil 
which was installed around the reaction tube. The copper coil was cooled by circulating 
cold water through inside it.  
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Fig. 7. Schematic representation of the RF-PECVD system for the deposition of   
B–C–N hybrid films.   
 
An electric furnace composed of Ni-Cr heating element was set for heat-treatment of 
the sample at the position of 20 cm downstream from the centre of the work coil. 
Additional heat-treatment of the substrate for annealing was performed by this electric 
furnace. During deposition the substrate was heated by only the plasma. The substrate 
temperature was monitored either by an optical pyrometer (Model IR-U, CHINO) or by 
a Pt/Pt–13% Rh thermocouple. The optical lens was focused on the substrate surface in 
order to avoid the disturbance by the plasma emission. The reaction chamber was 
evacuated by using a combination of a rotary pump (Single-phase induction motor, 
EFOUP KR, Hitachi Japan) and an oil diffusion pump (F-250, Ulvac, Japan). The 
vacuum pressure was monitored by a penning gauge (GI-PA, Ulvac, Japan) and a 
capacitance manometer (MKS Instruments, Inc., USA).  
Pre-cleaned silicon substrate was set on a ceramic holder with a tilted angle ~45° and 
then it was transferred immediately into the reaction chamber. Before deposition, the 
reaction chamber was evacuated up to 1×10–5 Torr and then the chamber was filled with 
hydrogen gas (99.99% Iwatani Co. Japan) without further purification to a desired 
reaction pressure. The hydrogen gas was allowed to flow through the chamber during ca. 
60 min and the substrate surface was etched by hydrogen plasma for ca. 10 min. The 
flow rate of the raw materials was calculated from the weight loss of the precursor 
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during the deposition period. The flow rates of the carrier gas and the vapor of the raw 
material were controlled by mass flow controller (MKS, Type 122 A). The deposition 
has been performed at the various reaction conditions, in which typical one is 
summarized in Table 4.     
 
Table 4. The general experimental conditions for the deposition of B–C–N hybrid 
films.   
Deposition parameter Ranges 
RF power (W) 300 ~ 900  
Reaction pressure (Torr) 0.02 ~ 20  
Deposition time (min) 60 ~ 120   
Flow rate of carrier gas (sccm) 30 ~ 50   
Flow of raw material (sccm) 0.05 ~ 12   
Substrate temperature (°C)  600 ~ 1200  
 
 
2.1.3. High vacuum evaporation of silicon polymer films      
 
Silicon polymer thin films were synthesized by high vacuum evaporation method. 
All the experiments were performed in situ at the end station of the BL-27A of the 
KEK-PF, Tsukuba, Japan. At the BL-27A, double-crystals of InSb(111) were used as a 
monochromator. The total energy resolution of this monochromator was 0.90 eV at 1.84 
keV (Si K-edge). The synchrotron radiation beam was generated from the bending 
magnet and it was linearly polarized in the horizontal direction. The schematic 
representation of the BL-27A is shown in Fig. 8.  
The BL-27A has two ultra high vacuum chambers: (i) a main chamber installed for 
the XPS and NEXAFS measurement and (ii) a preparation chamber for the vacuum 
evaporation. The base pressures of both the chambers were in the order of ≈1×10–8 Pa. 
The main chamber consisted of a five-axis manipulator, a hemispherical electron energy 
analyzer (VSW Co. Class-100) for XPS measurement, a cold-cathode ion-gun 
(OMEGATRON Co. OMI-0045CK) and a YAG-laser annealing system.  
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Fig. 8. (a) Schematic representation of the BL-27A and the XPS measurement 
chamber. (b) Photograph of the preparation chamber located at the end station of 
the BL-27A of KEK-PF. This chamber has been used for the preparation of silicon 
polymer thin films. 
 
In the preparation chamber, a vacuum evaporator, a quartz crystal thickness monitor 
and a sample transfer systems were installed simultaneously. In order to synthesize 
silicon polymer films, specially designated vacuum evaporator has been used. The 
evaporator consisted of a quartz crucible surrounded by the spiral type tungsten filament.  
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The crucible was floated at +1.5 kV while the filament was grounded. Therefore, the 
crucible was heated by the electron bombardment. The distance between the crucible 
and the substrate was about 15 cm. A shutter isolated from the ground has been 
equipped with it in order to control evaporation rate of the source material. The 
thickness of the film was precisely calculated by the product of the shutter current and 
the evaporation time that was calibrated by XPS measurements. The schematic 
illustration of the evaporator used in this study is shown in Fig. 9. 
For the annealing experiment, the sample surface was heated by YAG laser from the 
out side of the vacuum chamber through an optical fiber. The laser beam was irradiated 
directly on the surface. The wavelength of the YAG laser was 1.06 µm (in the region of 
infrared), so only the vibrational excitation was happened. It was confirmed by XPS that 
there was no radiation damage because the energy of the photon is lower than the 
ionization energy of the molecule. The surface temperature was monitored by a 
thermocouple located at the sample stage, and it was calibrated by an optical pyrometer.   
Indium tin oxide (In2O3 = 90%, SnO2 = 10%) has been used as the substrate because 
of it’s two notable properties: (i) semiconductor and (ii) transparency. Prior to the 
evaporation, the substrate ITO was immerged in acetone at 15 min and cleaned under 
ultrasonic radiation and then immediately transferred into the preparation chamber. The 
source powder material [Si(CH3)2]n, (n~2000) purchased from GELEST Inc., was 
poly(di-methyl silane) (PDMS)  and it’s average molecular weight was about 2000.  
The powder is insoluble in most of the organic solvents at room temperature. The 
powder was put in the quartz crucible in the vacuum chamber. The evaporation was 
performed at 5 to 15 min at the working pressure of 1.0×10–7 Torr. The filament and the 
shutter currents were 7.5 A and 500 pA, respectively. The substrate was kept at room 
temperature during the deposition. The evaporation condition is summarized in Table 5.  
The thickness of the deposited samples was precisely determined by XPS. The Si1s 
and In3d peaks in the XPS spectrum for the deposited samples was measured, and then 
the thickness was calculated by the peak intensity ratio using photoionization cross 
section and inelastic mean free paths (IMFP’s). The electronic structure and molecular 
orientation were precisely investigated by NEXAFS measurements. The NEXAFS 
spectra were taken with the total electron yield mode by recording the sample current.   
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Fig. 9. Schematic representation of the evaporator used for the vacuum 
evaporation of the silicon polymer thin films.  
 
Table 5. Evaporation conditions for the deposition of silicon polymer thin films. 
Deposition parameter Ranges 
Potential of the crucible (kV) 1.5  
Shutter current (pA) 500   
Filament current (A) 7.5    
Working pressure (Torr) 1.0×10–7 
Evaporation time (min) 5 ~ 15    
Substrate temperature (°C) Room temperature  
 
 
2.2. Substrate preparation and its cleaning procedure  
 
The n type Si(100) wafer, purchased from Osaka Titanium Co. Ltd. Japan, was used 
as the substrate. The specification of the wafer has been summarized in Table 6.  
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Table 6. Specifications of the silicon wafer.  
Item  Specification 
Type  n type  
Face  (1 0 0) 
Resistivity (ρ)  1 ~ 20 Ω cm 
Thickness (t) 525 ±15 µm 
Diameter (ϕ)  125 mm 
 
It was cut into 1×1 cm2 by using a diamond cutter. In order to investigate the 
orientation of the BCN hybrids, other substrates such as single crystal of Ni (111), 
polycrystalline Ti, and highly oriented pyrolytic graphite (HOPG) were also used in this 
research. Prior loading the substrate into the reaction chamber, it was cleaned by 
ultrasonic wave in toluene for about 10 minutes followed by HF (50 %) soaking for 30s 
to remove the surface oxide (if any). Then it was rinsed with acetone, dried by a stream 
of nitrogen gas and finally transferred into the reaction chamber immediately. The tilted 
angle between the substrate and the holder was set around 45°. Similar procedure has 
been applied in cleaning Ni (111) substrate. In the case of Ti substrate, it was only 
cleaned by ultrasonic wave in acetone. HOPG (basal plane) was used as the substrate 
without cleaning treatment because HOPG is inert against oxygen. The schematic 
presentation of the cleaning procedure and the film deposition are shown in Fig. 10.  
  
 
 
 
 
 
 
 
 
 
 
Fig. 10. Schematic of substrate preparation, cleaning and film deposition process.   
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2.2.1. Cleaning compounds 
 
2.2.1.1. Acetone  
 
Chemical grade acetone (99 %) was provided by Wako Chemical Industries, Japan.   
 
2.2.1.2. Hydrofluoric acid (HF) 
 
Chemical grade HF (50 wt.%) acid solution was provided by Wako pure Chemical 
Industries Ltd. Japan.  
 
2.3. Precursors used in this study    
 
 In this research, initially the precursors trimethylamine (Sigma-Aldrich, 97%)  
borane and triethylamine borane (Sigma-Aldrich, 99%) have been chosen. In their 
molecular structure, however, the chemical bond between C and N and a co-ordination 
bond between B and N are existed.  On the contrary, N has both the N–C and N–B 
bonds of the precursor tris-dimethylamino borane (TDMAB) in its molecular structure. 
It was thought that this raw material could facilitate the formation of well ordered and 
crystalline B–C–N hybrid network and finally, TDMAB has been used as the precursor 
material through out my research. The molecular structure and specification of the 
precursors used are described in Table 7.    
 
 
2.4. Instrumental analyses    
 
2.4.1. X-ray diffraction (XRD)  
 
 The crystallinity of the as-deposited B–C–N films was studied by XRD ((Rigaku 
diffractometre) using CuKα radiation (30 kV, 20 mA).  
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Table 7. Molecular structure and specification of the precursors used in this 
research.   
Compound Chemical 
formula 
Molecular 
structure 
Specification  
 
Tris-
(dimethylamino) 
borane (TDMAB) 
 
C6H18BN3 
 
 
 
 
 
MW: 143.04; chemical purity: 
99 %; melting point: –16°C; 
boiling point: 147~148°C, 
density: 0.817 g/cm3; physical 
state: liquid.   
 
Trimethylamine 
borane  
 
C3H12BN 
 
 
 
 
MW: 72.95; chemical purity: 
97 %; melting point: 93°C; 
boiling point: 172°C; physical 
state: powder.   
 
Triethylamine  
borane  
 
C6H18BN 
 
 
 
 
MW: 115.02; chemical purity: 
99 %; melting point: –4°C; 
boiling point: 97°C; physical 
state: liquid. 
 
 
 
2.4.2. FT-IR and Raman spectroscopy  
 
The chemical bonding states were further explored by FT-IR and Raman 
spectroscopy. The Raman spectra of the samples were obtained with a SpectraPro 2300i 
imaging spectrograph (Acton Research Corporation) equipped with a liquid nitrogen 
cooled charge-coupled devices (Spec-10:256E, Roper Scientific). The samples were 
excited with the 532 nm Ar+ ion laser and a back scattered light was collected by the 
collection optics. A filter (LP03-532RS-25, Semrock) was used to eliminate the intense 
Rayleigh light and a depolarizer (DPL-10-450-700, CVI) was placed at the entrance of 
the spectrograph. All the Raman spectra were measured in the backscattering mode at 
room temperature with the laser power of about 40 mW.   
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2.4.3. Field emission scanning electron microscopy (FE-SEM) 
 
The surface morphology and film thickness was estimated from the cross-section 
images of the FE-SEM (JSM-6700 FSS, JEOL) observation.    
 
2.4.4. X-ray photoelectron spectroscopy (XPS)  
 
X-ray photoelectron spectroscopy (XPS) which is also known as electron 
spectroscopy is one of the power tools for determining the electronic structure and 
chemical composition of solid surface. It has been using widely for the characterization 
of B–C–N hybrid films. The chemical analysis is done by irradiating a sample with soft 
X-rays to ionize atoms and releasing core-level photoelectrons from the inner-shell 
orbitals. The simple ionization process of the core level electron is shown in Fig. 11.    
Most of the commonly used X-ray sources are MgKα (hν = 1253.6 eV) or AlKα (hν = 
1486.6 eV) for the exciting of the sample surface. Recently, synchrotron radiation (SR) 
has become more popular for the irradiation of the sample surface to eject the 
photoelectrons. In this present research, SR has been used for the analysis of XPS. 
Simultaneously, conventional XPS was used using MgKα and/or AlKα as the excitation 
source for cross check the data. The kinetic energy (EK) of these photoelectrons is 
determined by the energy of the X-ray radiation (hν) and the electron binding energy 
(EB) by the following equation (1).    
  
hν = EK + EB + φ .………………………………… …………………………..….. (1).  
 
Where φ is the spectrometer work function. Work function is a fixed value of a 
spectrometer and EB is calculated automatically from measured EK based on the 
equation (1). The binding energy is used to study the chemical bonds in the deposited 
samples in this work.  
The work function (φ=4 eV) of a spectrometer should be calibrated in order to 
calculate the binding energy. Au4f 7/2 peak of which bonding energy is 84.0 eV was 
used for calibration. Fig. 12 shows the XPS spectrum of Au using AlKα X-ray source 
(hν = 1486.6 eV). It shows the peak at 84.0 eV which is ascribed to Au (4f 7/2).    
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Fig. 11. Schematic of the core-level excitation processes involved in XPS. The hν, 
EK, EB, and φ are the energy for exciting the X-ray photon, kinetic energy, electron 
binding energy relative to the Fermi level (FL) of sample, and work function of the 
spectrometer, respectively.   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. XPS spectrum of Au using Al Kα X-ray source (hν = 1486.6 eV). 
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The ex situ XPS measurements were performed at the Beam Line 27A of the Photon 
Factory in the High Energy Accelerator Research Organization (KEK-PF), Tsukuba, 
Japan, using linearly polarized synchrotron radiation (Energy range=1.8~4.2 keV). 
During XPS measurements, the static charge was minimized by a flood gun of electrons, 
measuring the C1s peak (284.8 eV) from adventitious hydrocarbon that is always 
present on the sample surface inevitably.   
For further calibration of the charge shift, several spots of gold (ϕ = ~500 µm) were 
deposited by a DC magnetron sputtering on all the individual samples before XPS 
measurement. The B1s, C1s and N1s binding energies for the individual samples were 
calibrated by Au 4f7/2 photoelectron peak (84.0 eV). The XPS was measured by a sector-
type analyzer (VG, CLAM2) before and after Ar+ ion etching (4 kV, 20 µA) for 1 min. 
Photograph of the front view of the BL-27A is shown in Fig. 13.        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Photograph of the XPS measurement and sample preparation chambers 
located at BL-27A of the Photon Factory in the High Energy Accelerator Research 
Organization (KEK-PF), Tsukuba, Japan.  
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2.4.4.1. Compositional study  
 
The compositions of the deposited samples were estimated from the XPS wide scan 
spectra by using the following general equations; 
 
  
 
 
Where σ B1s, σ C1s, and σ N1s are the photoionization cross-sections of B1s, C1s and 
N1s core levels and I B1s, I C1s and I N1s are the intensities of photoelectron peaks, 
respectively. Cross-sections at different X-ray energies are obtained from the reference 
summarized in Table 8. 
 
Table 8. Photoionization cross-section (σ) of several elements with respect to the 
excitation energy used in XPS for calculation of composition of the deposited 
samples.[81] 
Element and orbital Values of the σ at different excitation energy (barn) 
 2000 (eV) 3000 (eV) 
B1s 2.73 × 103 7.91 × 102 
C1s 5.73 × 103 1.70 × 103 
N1s 1.05 × 104 3.19 × 103 
O1s 1.74 × 104 5.44 × 103 
Si1s 1.18 × 105 4.18 × 104 
In3d (3/2 + 5/2) 1.27 × 105 3.51 × 104 
 
 
2.4.5. Near-edge X-ray absorption fine structure (NEXAFS) 
 
2.4.5.1. Introduction 
 
The theoretical background of the NEXAFS technique is briefly discussed in this 
section. NEXAFS is also sometimes referred to as X-ray absorption near-edge structure 
……………………….………………… (2). σ B1s
I B1s
σ C1s
I C1s
σ N1s
I N1s
[B] [N][C] =°° °° °°°°
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(XANES) or simply X-ray absorption fine structure (XAFS). It typically represents the 
energy region from the absorption edge to about 50 eV above the edge.[82] X-ray 
absorption spectra are generally characterized by many fine spectral features near the 
absorption edge. NEXAFS spectra provide important information about the electronic 
and structural properties of molecules on the surfaces.    
NEXAFS is ideally suited for studying adsorbed molecules for several reasons: (1) 
X-ray absorption occurs because of the excitation of core electrons. It makes this 
technique element specific. (2) NEXAFS features are very sensitive to the local 
electronic structures of adsorbates. It in turn provides information on the degree of 
interaction between the surface and adsorbates. (3) NEXAFS excitations are governed 
by the dipole selection rule. We can know the orbital components of the valence and 
unoccupied states. (4) In NEXAFS excitation, transition probability depends on the 
direction of electric field vector of the incident X-rays. It allows the determination of 
molecular orientation by varying the incidence angles of the polarized synchrotron 
beam. (5) Because of the brightness of the synchrotron source, NEXAFS measurements 
can be readily carried out for adsorbates even at sub-monolayer coverages.    
 
2.4.5.2. Synchrotron radiation  
 
Synchrotron radiation (SR) is required for NEXAFS measurement. SR is a highly 
intense, stable, collimated, continuous, polarized, and pulsed electromagnetic radiation. 
SR is generated when charged particles (electron or positrons) moving at relativistic 
speeds, is deflected by a magnetic field with a large radius of curvature. The deflection 
can be achieved either by bending magnets (circular motion) or by periodic magnetic 
structures (sinusoidal motion).[83–86] In general, SR covers a wide range of 
electromagnetic spectrum from infrared region through visible, ultraviolet, soft X-ray to 
hard X-ray region. These characteristics are essential for achieving reliable and high 
quality NEXAFS measurements.     
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2.4.5.3. Basic principles of NEXAFS 
 
Because NEXAFS measurements involve the excitation of electrons from a core 
level to partially filled and empty levels, the peak positions and spectral line shape in a 
NEXAFS spectrum are directly related to the nature of unoccupied electronic levels. 
The mechanism of NEXAFS is explained schematically in Fig. 14. An example of 
typical NEXAFS spectrum for B–C–N thin films is also shown in Fig. 14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. (a) Schematic representation of the processes involved in NEXAFS for 
unsaturated compounds with double or triple bonds. IP is ionization potential and 
Eπ* and Eσ* are the excitation energies of the electrons from core level to 
unoccupied levels, π* and σ*, respectively and (b) a typical NEXAFS spectrum 
which shows two features, π* and σ*.  
 
 
When monochromatic X-ray, emitted by SR, is irradiated to a system, core electron 
will be ionized. If the energy of X-ray is tuned at the core-to-valence resonance energy 
of the target element, the core electrons are excited to unoccupied levels of the system. 
In the case of molecules having double or triple bonds, the lowest unoccupied molecular 
orbital is typically an unoccupied π* orbital, which is followed by a set of Rydberg 
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states just below the vacuum level, and then by an unoccupied σ* molecular orbital at 
energies above the vacuum level.  
Assuming that transitions of the core level (1s electrons) to all empty orbitals are 
allowed, the corresponding NEXAFS spectrum is illustrated in the Fig. 13 (b), where 
the absorption intensity of X-ray photons is plotted as a function of photon energy. The 
NEXAFS spectrum for molecules having double or triple bonds is characterized by a π* 
resonance at energies below the ionization potentials (IP), which reflects the energy 
difference between core level and the vacuum level. In addition, a σ* resonance is 
observed as a relative broad feature at the energies above IP. 
NEXAFS measurements provide direct information about the nature of the empty 
molecular orbitals by probing the excitation of core electrons to unoccupied levels. 
Because of the number of empty molecular orbitals and their energy positions are 
characteristic for different chemical species, NEXAFS spectra can be used as 
“fingerprints” for identifying molecular species. Furthermore, because NEXAFS 
measurements involve dipole transitions between well-defined initial and final states, 
the application of the dipole selection rule often provides information about the local 
symmetry of the molecules.[82]  
NEXAFS is an element specific analysis technique and gives information regarding 
configuration of local structure and orbital orientation of a system. These are discussed 
below.  
 
2.4.5.4. Configuration of local structure  
 
NEXAFS reflects the bonding configuration of local structure. Two kinds of bonding 
configurations are shown in Fig. 15.   
Benzene and graphite have sp2 configuration whereas cyclohexane and diamond 
have sp3 configuration. The NEXAFS spectra of benzene and graphite show discrete π* 
resonances in the low energy region. On the other hand, the spectra of cyclohexane and 
diamond show no π* resonance. So, the bonding configuration of the systems can be 
distinguished by the feature of NEXAFS.   
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Fig. 15. Bonding configuration of local structure obtained by NEXAFS. The sp2 
and sp3 bonding configurations are elucidated in this figure.  
 
 
2.4.5.5. Orbital orientation 
 
Another characteristic of NEXAFS is to study orientation of the system. Orbital 
orientation can be clarified from the polarization dependence measurement of NEXAFS 
spectrum. The details of polarization dependence of NEXAFS spectrum will be 
discussed in the subsequent section.    
 
2.4.6. NEXAFS experiment detail  
 
Some of the most fundamental aspects in the NEXAFS measurements are briefly 
discussed in this section. These include the excitation process in X-ray absorption, the 
experimental means of detecting the X-ray absorption event, the dependence on the 
polarization of the incident photon beam. A much more detailed discussion on these 
subjects has been provided by J. Stöhr.[82]  
 
πorbital
benzene
graphite
cyclohexane
diamond
π*
diamond
cyclohexane
graphite
benzene
σ*
A
bs
or
pt
io
n 
in
te
ns
ity
 (a
rb
. u
ni
ts
)
Photon Energy (eV)
 
B–C–N hybrid and related low-dimensional materials........                                            Preparation methods and ….   
 29  
2.4.6.1. X-ray absorption cross-section 
 
The probability of exciting an electron from an initial state φi to a final state φf, by X-
ray photons is typically described in terms of the X-ray absorption cross section, σx. It is 
defined as the number of electrons excited per unit time divided by the number of 
incident photons per unit time per unit area.[82] It has the dimension of (length)2 and is 
typically given in the unit of cm2. Basically, σx can be described as:[87,88]  
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ٛπσ pe …………………………...... (3). 
 
Where, h, ω, e and m are the Planck’s constant, frequency of the incident photon, the 
charge and mass of electrons, respectively. ζ(E) is the energy density of the final state, 
|<φf|e⋅p|φi>| is the dipole matrix, and δ(hω + Ei -Ef) is the delta function for the 
conservation of energy. The terms e, p, Ei, and Ef are the unit vector in the direction of 
the incident X-ray photons, the linear momentum operator of electrons, and initial and 
final kinetic energy of photoelectron, respectively. The theoretical treatment of equation 
(3) has been discussed in details in several reviews.[82,88] The importance of several 
terms in equation (3), only qualitatively, is given below: 
(i) The presence of the dipole matrix term, |<φf|e⋅p|φi>|, reveals the importance of an 
effective interaction between the sum of e and the sum of p. The dipole matrix term is 
the theoretical basis for the polarization dependence NEXAFS measurements that are 
often used for the determination of molecular orientation of adsorbates on surfaces.[89–91] 
In addition, the nature of the dipole transition also implies that the NEXAFS excitation 
should obey the dipole selection rule, which states that the change in angular 
momentum quantum number should be ∆l = ±1 between the initial and final states. 
Therefore, for K-edge transitions (from an initial s state) the final states should have 
contributions from p orbitals. Similarly, for L-edge transitions (from an initial p state) 
the final states can be either s or d orbitals. 
(ii) The X-ray absorption cross section is proportional to the energy density of the 
final state ζ(E), which qualitatively explains the direct correlations between a NEXAFS 
spectrum and the nature of the unoccupied states. 
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(iii) In principle, the delta function in Eq. (3) is only valid for a final state with 
infinite lifetime. For a more quantitative analysis, it should be replaced by a Lorentzian 
to account for finite lifetime of the final states.[88] This is an important point since the 
life time of a bound resonance state is often several orders of magnitude longer than a 
continuum resonance state.[82] 
(iv) The intensity for a resonance transition is often expressed by a dimensionless 
term, optical oscillator strength, f, which is related to the X-ray absorption cross section 
in equation (3) by the following equation:[82,92] 
 
dE
df
mc
heE
22
x
2)( ٛπσ =  ………………………….………..………..……………………. (4).  
 
In other words, the resonance intensity (oscillator strength) in NEXAFS is the energy 
integral of the X-ray absorption cross section. Therefore, equations (3) and (4) are used 
as the theoretical basis of the absorption intensity in NEXAFS and the molecular 
orientation of B–C–N hybrids.  
 
2.4.6.2. Experimental detection of X-ray absorption 
 
Schematic presentation of creation and annihilation of a core hole as a result of X-ray 
absorption is shown in Fig. 16. A (core level) and B (LUMO) represents two core levels 
of a sample. The energy zero is chosen at the Fermi level EF.[82] The absorption of an X-
ray photon, with resonance energy, gives rise to an electronic excitation from the core 
level to an unoccupied level. The hν is the energy of the exciting X-ray photon. A core 
hole is created as a result of the resonance excitation. NEXAFS measurements are 
carried out by following the de-excitation process, which generates either an Auger 
electron or a fluorescence photon. Experimentally, NEXAFS spectra can be recorded by 
measuring either the electron yield or fluorescence yield as a function of incident 
photon energy. In addition to Auger electrons, the absorption of X-rays also produces 
photoelectrons. The photoelectrons can originate from both core and valence states of 
all elements that are present in the chemical system, as long as the incident photon 
energy is above the binding energies of these states with respect to the vacuum level.  
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Fig. 16. Schematic presentation of creation and annihilation of a core hole as a 
result of the X-ray absorption. 
 
 
Based on the kinetic energies, electron yield measurements in NEXAFS can be 
carried out in three ways; Auger electron yield (AEY), partial electron yield (PEY) and 
total electron yield (TEY) mode. The advantages, disadvantages and the experimental 
setup of the three methods have been discussed in detail by J. Stöhr.[82] One of the main 
differences among the three methods is the relative sensitivity to surface and bulk 
compositions. TEY measurement was employed in NEXAFS measurement which 
required ultrahigh vacuum (UHV) conditions. The TEY method measures the yield of 
all of the electrons emitted from sample surface triggered by photoelectrons and Auger 
electrons. The electron yield signals in TEY are dominated by the low energy electrons 
with kinetic energies below 20 eV.[82] Due to the large mean free paths of the low 
energy electrons, the TEY method is much more sensitive to the bulk compositions than 
to the top-most surface layers. Experimentally, the TEY setup is the easiest among the 
three; the electron detection can be achieved simply by collecting the signal with an 
electron channeltron multiplier.[93]   
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The ex situ NEXAFS measurements were performed at the Beam Line 11A of the 
Photon Factory in High Energy Accelerator Research Organization (KEK-PF), Tsukuba, 
Japan, using  the linearly polarized synchrotron radiation (energy range = 70 to 1900 
eV). Photograph of the BL-11A of the KEK,PF is shown in Fig. 17.    
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. NEXAFS measurement chamber located at BL-11A of the Photon Factory 
in the High Energy Accelerator Research Organization (KEK-PF), Tsukuba, 
Japan.     
 
2.4.6.3. Energy calibration of NEXAFS spectra 
 
The NEXAFS spectrum of pyrolytic BN was measured as a standard spectrum of 
bulk h-BN. Photon energy of NEXAFS spectrum was calibrated by π* peak of bulk     
h-BN, which was measured at approximately 192.0 eV for B K-edge and 401.9 eV for N 
K-edge which was consistent with the reported value of 191.8–192.2 eV.[94–96]     
The intensity of SR decays as a function of time, typically due to the decrease in the 
electron beam current in the storage ring. In addition, several other factors can also 
introduce changes in the radiation intensity as a function of photon energy,[82] such as 
the energy-dependent reflectivity changes of the X-ray optics. Because the intensity of a 
raw NEXAFS spectrum depends directly on that of the synchrotron source, the time- 
and energy-dependent variation in the intensity of SR needs to be removed from 
NEXAFS analysis 
SR beam 
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NEXAFS data. This is commonly achieved by placing a fine gold grid directly in the 
optical path. The simultaneous measurement of photoelectron current from the reference 
gold grid provides the time- and energy-dependent variation in the radiation source.  
  
2.4.6.4. Polarization dependence of NEXAFS  
 
As discussed above, the presence of the |<φf|e⋅p|φi>| dipole matrix term in equation 
(3) implies that the X-ray absorption cross section. The resonance intensity [equation 
(4)], should depend on the polarization of the incident photons. More specifically, the 
feature of the NEXAFS clearly depends on the incident angle (θ ) of the X-ray. The 
incidence angle θ  is defined as the angle between the electric field E of X-ray and the 
surface normal n of the sample which is shown in Fig. 18. 
 
 
 
 
 
 
 
 
 
Fig. 18. The definition of the incidence angle θ, where E is the electric field of the 
X-ray and n is the surface normal.  
 
The polarization dependence of NEXAFS is described briefly in the following 
equation (5):[82]   
Iif ∝ ⎢E·O⎪2 ∝ cos2 δ …………………………………………………………..... (5).   
 
Where Iif, O, and δ  are the transition (or peak) intensity of NEXAFS (from initial to 
final states), vector of the final state orbital and angle between E and O, respectively. C 
K-edge NEXAFS spectra for graphite at various incident angles (θ ) of the X-ray and 
the mechanism of polarization dependence of NEXAFS spectrum are shown in Fig. 19. 
θ
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Fig. 19. C K-edge NEXAFS spectra of single-crystal graphite at various incident 
angles (θ ) of X-ray and schematic presentation of the polarization dependence of 
NEXAFS spectrum where E and O are electric field vector and vector of the final 
state orbital, respectively.  
  
When X-ray is incident on graphite with grazing angle, π* peaks are enhanced while 
σ* peaks are enhanced as the incident angle becomes large. This behavior is called 
polarization dependence. Since π* orbital is just perpendicular to the surface of HOPG, 
E and π* orbital have large projection at the grazing incidence. Consequently, the 
transition to π* level is enhanced. On the contrary, E and σ* orbital have large 
projection at the normal incidence, and then σ* peaks are enhanced. Therefore, 
orientation of the system is clarified by measuring the polarization dependence of 
NEXAFS.    
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Chapter 3 
Characterization of B–C–N hybrids synthesized 
from TDMAB as the precursor    
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3.1. Introduction   
 
 Boron carbonitride (BCN) compounds have recently attracted much attention due to 
their potential applications to electronic, optoelectronic and luminescent devices. The 
cubic phase (c-BCN) is expected to be a superhard material having the hardness 
comparable to that of diamond.[25] The hexagonal phase (h-BCN) is attractive in the 
applications to electronic and luminescent devices, due to its semi-conducting property 
with variable band-gap energy.[32,33] Much effort has been devoted to synthesis of the 
ternary boron carbonitride films with various compositions using different deposition 
methods. Most of the reported BCN compounds are the mixture of the hexagonal, the 
cubic and/or the amorphous phases. Single phase of the h-BCN with large grain size has 
not been synthesized up to now. Therefore, preparation of single phase of the h-BCN is 
still a great challenge because of the difficulty in synthesis with the controlled 
composition.   
In this study, the sp2-bonded BCN films were synthesized on the Si (100) substrate 
by using Tris-dimethylamino borane (TDMAB) as a single-source precursor. This raw 
material contains the B–N–C bonds in its molecule which might facilitate the formation 
of the h-BCN hybrids.        
 
3.2. Experimental procedure 
   
BCN films were synthesized on Si (100) substrate by RF-PECVD using TDMAB as 
the precursor. Since the precursor is volatile, the vapor of the precursor was produced 
without decomposition at the working pressure and was allowed to introduce in the 
reaction chamber through a valve. The typical reaction condition is summarized in 
Table 9.  
The chemical bonding and composition of the deposited films were studied by FT-IR, 
XPS, and NEXAFS measurements. The crystallinity and morphology were investigated 
by XRD and FE-SEM, respectively. The ex situ XPS and NEXAFS measurements were 
performed at the Beam Line 27A and Beam Line 11A of the KEK-PF.   
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Table 9. Typical experimental reaction conditions for the deposition of B–C–N 
hybrid films. 
Deposition parameter Ranges 
RF power (W) 400 ~ 800  
Reaction pressure (Torr) 2×10–1   
Deposition time (min) 60    
Flow rate of carrier gas H2 (sccm) 50   
Flow of raw material (sccm) 1   
Substrate temperature (°C)  650 ~ 750  
  
 
3.3. Results and discussion 
 
3.3.1. FT-IR analysis on the bonding state of the deposited films  
 
 Fig. 20 shows FT-IR transmission spectra of the samples synthesized at various RF 
powers. The spectra of all the samples showed two peaks; a strong peak at around 1400 
cm– 1 which was broaden over the contamination range of the C–N and C=N bonds at 
1250 and 1550 cm– 1  and a relatively sharp peak at 800 cm– 1. These peaks are usually 
assigned to the in-plan stretching and out-of-plan bending vibrations of a sp2-bonded  
B–N (h-BN) bonds.[79] It is reported that the C–N, C=N and C≡N bonds appear 
approximately at around 1300 cm– 1, 1600 cm– 1, and 2170 cm– 1, respectively.[97,98] 
Therefore, the broad peak from 1100 to 1700 cm– 1 suggests the formation of the C–N 
and/or C=N bonds in the BCN atomic hybrid compounds whilst the C≡N bonds (around 
2200 cm– 1) do not exist.[99–101] These samples contain 10 to 18 at.% of C confirmed by 
XPS together with B and N. Since C content is low, this result would be reasonable.    
 The crystalline phase of these samples could not be detected by XRD. Therefore, the 
hexagonal BCN atomic arrangement like h-BN seems to be in a short range order.   
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Fig. 20. FT-IR transmission spectra of the samples synthesized at 400, 500 and 800 
W. The substrate temperatures were 650°C (sample 1), 700°C (sample 2) and 
750°C, respectively.    
 
 
 Since no clear peak splitting was observed, therefore, formation of the separated 
binary phases such as BN/CNx was not confirmed. The peak at 1400 cm– 1 became sharp 
as the RF power was increased. This means that the short range order of the atomic 
arrangements of the sp2-bonded BCN phase might be improved with the RF power. The 
film thickness estimated from the SEM observation was around 2 µm. It might be one 
of the reasons why the crystalline phase could not be detected by XRD.                
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3.3.2. Compositional analyses by XPS  
 
The B1s, C1s and N1s XPS spectra of the samples are shown in Figs. 21–23 together 
with their compositions. The compositions of the samples were estimated from the XPS 
wide scan spectra to be B52C12N36, B52C10N38, and B46C18N36 for samples prepared at 
400, 500 and 800 W, respectively. As the RF power increased, the C content increased 
while the at.% of B decreased and the at.% of N remained nearly constant. The 
reactivity of the fragments containing C in the plasma might increase with the RF power 
and hence incorporation of C would be enhanced.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 21. B1s XPS spectra together with the single Gaussian peak and the 
deconvoluted component peaks for the samples shown in Fig. 20. The compositions 
of the respective sample are also shown. 
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The B1s peak could be fitted almost by a single Gaussian curve as shown in Fig. 21. 
However, the full-width at half maximum (FWHM) of the B1s peaks (~ 2.5 eV) was 
wide in comparison with that of the pure h-BN (~1.7 eV).[102] It suggests that B atoms 
have various chemical environments. Therefore, the XPS spectra were resolved into the 
component peaks in order to discuss the possible chemical environments in the films. 
The deconvolution of the spectra was done by curve fitting method using origin 7.0 
version of computer program.  
The B1s spectrum of the sample synthesized at 400 W could be well fitted by 
deconvoluting into three Gaussian peaks centered at 188.1, 189.6, and 190.8 eV, 
respectively under the assumption that there are three sp2 chemical environments around 
the B. The spectrum for the sample synthesized at 800 W could be fitted into two peaks 
centered at 189.6 and 190.8 eV. The B1s binding energy for the B–N bond in h-BN is 
reported in the range of 190 to 191 eV.[102,103] The component peak centered at 190.8 eV, 
therefore, could be ascribed to the B–N bond with h-BN-like configuration. That is, the 
B atoms in the BCN films are bonded to N in the chemical environment similar to the 
sp2 B–N bonds in h-BN. The B1s peaks for the samples at 500 and 800 W are slightly 
shifted to the higher energy region with the RF power. This implies more contribution 
of B–N bonds[69] and less B–C bond in spite of the increase of C content (sample at 800 
W).   
These results seem to be controversial. The increase of plasma power might enhance 
the ordering of the B–N bonds in h-BN-like configuration, therefore the peak of the    
B–N bond is increased. However, ordering of the B–C bonds was not improved 
although the C content increased. The peak centered at 188.1 eV indicates the formation 
of B–C bond because the B1s binding energies for BC3.4 and B4C have been found to be 
189.4 and 188.4 eV, respectively.[73,79] The dominating peak centered at 189.6 eV could 
be ascribed to the B–C–N atomic hybrid bonds.[74,102,104] The diverse binding energies 
(188.0 to 191.0 eV) of the B–C–N bonds are reported. Some groups found the B1s peak 
of the BCN films at slightly higher energy (~191.0 eV).[105] On the other hand, the      
B–C–N bonds were reported at the lower binding energy (188.0 eV).[73,74] One of the 
reasons of these discrepancies might be the differences in the composition, i.e. the 
geometrical error around B atoms in the films deposited by the different methods.  
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As described above, the B1s peak could be fitted by a single Gaussian curve with a 
broad FWHM. It suggests that the films may consist of B atoms with a variety of 
chemical environments and it may be difficult to clearly distinguish the B–N bond of 
the h-BN-like configuration from the B–C–N atomic hybrid bonds.  
 The C1s XPS spectra of the samples are shown in Fig. 22. The C1s spectra were also 
fitted with a single Gaussian curve since the spectra were not symmetrical and tailing of 
the spectra to the higher energy was clearly observed. Therefore, the spectra were fitted 
by deconvoluting into three type of chemical bonding centered at 282.8 eV, 284.0 eV 
and 285.3 eV, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22. C1s XPS spectra together with the single Gaussian peak and the 
deconvoluted component peaks for the samples shown in Fig. 20. The compositions 
of the respective sample are also shown.    
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The component peak centered at 282.8 eV could be ascribed to the C–B bond.[106] 
However, the C1s peak energies for BC3.4 and B4C have been reported to be 284.3 and 
283.0 eV, respectively.[103]  
The discrepancy might be due to the differences in the composition and/or the 
chemical environment. The middle peak centered at 284.0 eV could be ascribed to the 
graphite-like C=C bonds.[64] The C atoms constituting the graphite-like C=C bonds 
might be also bonded to B and N to form the B–C–N hybrid bonds because the peak 
were broad and no clear evidence for the separate graphite phase was found. The small 
component peak centered at 285.3 eV is due to C atom bonded to more electronegative 
N atom to form the C–N bond.[99] In the sample at 800 W, the C1s peak shifted to the 
higher energy. It might be due to the higher concentration of C (18 at.%) and more 
contribution of C–N bond. Therefore, the formation of the separate CNx phase could be 
supposed in the films.  
  The N1s XPS spectra are shown in Fig. 23. The N1s spectra of the samples could 
be fitted almost with a broad single Gaussian curve as well as the B1s spectra. The 
broadening suggests the formation of BCN atomic hybrids with a variety of chemical 
bonds. The N1s spectra could also be fitted by deconvoluting at least two possible peaks 
centered at 397.2 and 398.3 eV, respectively. The component peak centered at 397.2 eV 
could be assigned to the N–B bond based on the reported value (397.6 eV)[107] although 
the higher binding energies have been reported for the N–B bonds.[79,99]  
 The reported binding energies are scattered probably due to the difficulty in static 
charge compensation and also the difference in the chemical environment of N in the 
films. The N–B bonds are predominant in accordance with the B–N bond found in the 
B1s spectra. The N1s peak for sample at 800 W is slightly shifted to the higher energy 
which may also be originated from the high concentration of C and more contribution of 
N–C bond because the N–C bond has been reported to be at 398.4–400 eV.[56,108] 
Therefore, the component peak centered at 398.3 eV was assigned to the N–C bond. 
The formation of N–C bond was also suggested from the C1s spectra. The N1s spectra 
are not supportive to find out more detailed information regarding the bonding states 
because the difference between the binding energies of N–B and N–C bonds is 
relatively small and the interpretation is, therefore, ambiguous.[99]  
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Fig. 23. N1s XPS spectra together with the single Gaussian peak and the 
deconvoluted component peaks for the samples shown in Fig. 20. The compositions 
of the respective sample are also shown.  
 
  
From the XPS measurements it seems to be unambiguous that the films were 
composed of various B–N, B–C and C–N bonds, hence, a variety of sp2-BCN atomic 
hybrid configurations. No clear evidence for the phase separation was observed while 
the tailing of the C1s peak to the higher binding energy suggested the formation of the 
CNx phase together with the BCN hybrids.   
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3.3.3. NEXAFS analyses on orbital-orientation   
 
 B K-edge NEXAFS spectra of the deposited films are shown in Fig. 24, together with 
the spectra of the h-BN and B4C powders. A broad peak has been predominantly 
observed at the photon energy of 191.8 eV for all the samples at the normal incidence (θ 
= 90°) of the X-ray. Compared with the spectra of the samples to that of the h-BN, the 
dominating peak could be ascribed to the π* resonance of sp2-B–C–N bonds, suggesting 
the formation of the sp2-BCN hybrids with a similar configuration of BN3 in h-BN.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24. B K-edge NEXAFS spectra of the samples synthesized at different RF 
powers. NEXAFS spectra for the h-BN and B4C powders are also shown for 
comparison.   
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The peaks appeared above 196.0 eV could be due to the σ* resonance of the sp2-
BCN hybrids. The B K-edge NEXAFS spectrum of sample at 800 W is sharp in 
comparison with the other samples. This suggests the formation of the sp2-BCN hybrid 
with the better homogeneity in the short range configuration. Some fine structures also 
appeared for the B K-edge and these fine structures could be ascribed to the π* 
resonance of sp2-BCN hybrids without the BN3-like configurations. The detail will be 
discussed in the next section of the polarization-dependence of NEXAFS. 
When the C content of the film increased (sample at 800 W), the π* to σ* intensity 
ratio slightly decreased. From this speculation, it is believed that this change in the 
π*/σ* peak intensity might be due to the different configurations (sp2/sp3) and/or 
composition of the films. Though the phase transformation of the h-BCN to the c-BCN 
was suggested based on the extension of the σ* peak to the lower photon energy by 
Gago et al.[109] However, the extension was not observed.  
   
The N K-edge NEXAFS spectra of the deposited films are shown in Fig. 25. The 
NEXAFS spectrum of the h-BN is also shown for comparison. The changes in the N K-
edge NEXAFS spectra with the RF power are similar to that of the B K-edge. The π* 
and σ* resonance peaks are broad, suggesting the presence of not only the BN3-like but 
also different sp2-BCN configurations as depicted from the existence of the fine 
structures in the B K-edge spectra. The π*/σ* intensity ratio in sample at 800 W is low 
compared with the samples at 400 and 500 W and similar to that of the h-BN. It 
suggests that the BCN hybrid configuration varied nearer to the h-BN-like configuration 
although C content of the sample at 800 W increased.   
The higher π*/σ* ratio for the samples of 400 and 500 W suggests the existence of 
more sp2 hybrid bonds such as CNx and/or the others as also observed in the C1s XPS 
spectra. It is difficult to distinguish the π* resonance of the N–B bond from that of the 
N–C bond because the peak energies corresponding to the N–B and N–C bonds lie very 
close to each other.[110] The broad feature of the σ* resonance peak could be due to the 
hybridization of the sp2 N–B and sp2 N–C bonds in the films.[111,112]  
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Fig. 25. N K-edge NEXAFS spectra of the samples synthesized at different RF 
powers. NEXAFS spectra for the h-BN powders are also shown for comparison.  
 
 
3.3.4. Polarization dependence of NEXAFS analyses on orbital-orientation 
   
The polarization-dependence of B K-edge and N K-edge for the typical sample at 800 
W is shown in Fig. 26 and Fig. 27, respectively. The samples of 400 and 500 W showed 
almost similar results as that of the sample of 800 W. As the incident angle of the X-ray 
was increased (θ = 15°), the π* resonance of B K-edge (peak B2) was decreased and 
some other peaks such as B1, B3 and B4 appeared evidently. It indicates the formation of 
various atomic configurations around B atoms besides the BN3-like configuration.  
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Fig. 26. B K-edge NEXAFS spectra at various incident angle (θ ) of the X-ray for 
the typical sample synthesized at 800 W. NEXAFS spectra for h-BN and B4C 
powders are also shown for comparison.  
 
The peak B1 could be ascribed to the B atoms bonded to B in the B4C-like 
configuration because of the similar photon energy to B4C.[109] The Peak B3 appears at 
higher photon energy than the peak B2. The peak B3 could not be ascribed to the B atom 
bonded to N atoms to form the configurations such as BN2C and BNC2, since the 
photon energy of B K-edge should be increased by substituting C for more 
electronegative N atoms around the B atoms.  
Therefore, different BCN atomic hybrid configurations from the BN3-like 
configuration might be formed however the steric configurations of the h-BCN 
compound have not been clarified yet.  
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Fig. 27. N K-edge NEXAFS spectra at various incident angle (θ ) of the X-ray for 
the typical sample synthesized at 800 W. NEXAFS spectra for h-BN powders are 
also shown for comparison. 
 
 
The peak B4 is reported to be the B–O bond.[95] The appearance of the peak B4 at the 
higher incident angle suggested that the oxygen contamination has occurred only on the 
film surface.   
The notable decrease in the π* resonance peak (B2) height and the increase in the σ* 
resonance peak (broad feature denoted by B5) with the incident angle of the X-ray 
suggests that the sp2-BCN layers with BN3-like configuration may orient in the 
direction perpendicular to the silicon substrate.[113] The decrease in the π* peak of the N 
K-edge at θ = 15° (Fig. 27) also supports the interpretation of the orientation of the sp2-
BCN layers in the films.     
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3.4. Conclusion   
 
The BCN films were synthesized by RF-PECVD using TDMAB as the precursor. 
The sp2-bonded BCN phase of the h-BN-like configuration was depicted by FT-IR, 
although the hexagonal crystalline structure was not detected by XRD. It is confirmed 
by the XPS measurement that the films are composed of a variety of the B–N, B–C,    
C–N bonds to form the BCN atomic hybrid configurations. The C content was low as 
compared with B and N content in the prepared samples. The XPS would not give any 
information regarding the phase separation. It was found from the NEXAFS 
measurement that the sp2-BCN hybrid consisted of the BN3-like configuration while 
small amount of the other local configurations were detected. The polarization-
dependence of NEXAFS indicated that some parts of the sp2-BCN layers would be 
oriented in the direction perpendicular to the Si substrate. The high RF power (800 W) 
improved the short range ordering of the sp2-BCN atomic hybrid configuration.     
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Chapter 4 
Atomic arrangement and orientation of crystalline 
B–C–N hybrid films on different substrates 
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4.1. Introduction    
 
 Considerable efforts have been given to synthesize BCN compounds in the last few 
years. Syntheses of the ternary BCN compounds with the various compositions using 
different methods have been reported, though most of the reported BCN compounds are 
the mixtures of the nano-crystalline hexagonal, cubic phases and/or the amorphous 
phase. However, preparation of the single phase of crystalline h-BCN is still a challenge. 
 In the previous chapter, the sp2-bonded BCN hybrid have been successfully 
prepared.[114] However, the crystalline phase was not detected by XRD. The C content 
in the films was low (< 18 at. %) compared with B and N. Therefore, further efforts are 
attempted how to improve the crystalline phase in long-range atomic order and how to 
increase the C content in the films.     
 In order to increase the C content in films the depositions were done by using 
CH4+H2 as the additional C source with increased flow of the precursor. The substrates 
investigated are Si(100), Ni(111) and Ti (polycrystalline). The crystallographic structure, 
atomic arrangement, composition and orientation of the as-deposited films are presented 
here.      
 
4.2. Experimental procedure  
 
 BCN films were synthesized on Si (1 0 0), Ni (111) and Ti polycrystalline substrates 
by RF-PECVD using TDMAB as the single-source molecular precursor. The H2,  
CH4+H2 or N2 was used as the carrier gas. The RF power was varied from 400 to 800 W. 
The typical reaction conditions are summarized in the Table 10. 
 The chemical bond and the crystalline phase were explored by FT-IR and XRD. The 
chemical composition and the atomic arrangement were studied by XPS and NEXAFS 
measurements. The XPS and NEXAFS measurements were performed at the Beam Line 
11A and Beam Line 27A of the KEK, PF by using linearly polarized SR. The elemental 
composition (atomic ratio of B, C and N) was determined from the intensity of the B1s, 
C1s and N1s peaks in the XPS.  
 
 
B–C–N hybrid and related low-dimensional materials.........                         Atomic arrangement and orientation …. 
 52  
Table 10. Typical reaction conditions for the deposition of crystalline B–C–N 
hybrid films.   
Deposition parameter Ranges 
RF power (W) 400 ~ 800  
Reaction pressure (Torr) 2 × 10–1   
Deposition time (min) 30    
Flow of carrier gas (sccm) 50   
Flow of raw material (sccm) 2   
 
 
The B1s, C1s and N1s binding energies were calibrated by Au 4f7/2 binding energy 
(84.0 eV). In the NEXAFS analyses, the X-ray incidence angle θ  is defined as the angle 
between the electric field vector of the linearly polarized X-ray and the surface normal 
of the film. 
 
4.3. Results    
 
4.3.1. FT-IR study on bonding state   
 
Fig. 28 shows FT-IR transmission spectra of the samples synthesized at different RF 
powers in the N2 and CH4+H2 carrier gases. The spectra showed two peaks; a broad 
peak around at 1400 cm–1 and a relatively sharp peak at 800 cm–1.  
These peak positions are almost compatible with the sp2-bonded B–N bonds in the  
h-BN.[2,79] These samples contain 22 (sample 1), 23 (sample 2), 35 (sample 3) and 35 
(sample 4) at.% of C respectively as confirmed by the XPS measurements. Therefore, 
these peaks suggest the formation of the hexagonal sp2-B–C–N atomic hybrid bonds in 
these films similar to the sp2-B–N bonds in h-BN. The broader peaks for samples (3) 
and (4) than those for samples (1) and (2) is resulted be due to the more C incorporation 
in the films.  
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Fig. 28. FT-IR transmission spectra of the as-deposited samples. The numbers (1)–
(4) on the left side of the spectra represent the respective sample: Samples (1) and 
(2) were synthesized at 800 and 500 W, respectively in N2 carrier gas. Samples (3) 
and (4) were synthesized at 700 and 400 W, respectively in CH4+H2 carrier gas.   
 
 
The observed broadening of the peak from 1000 to 1700 cm–1 could be explained as a 
consequence of the formation of the C=N, C–N, B–C bonds as well as the B–N bond in 
the films, since these bonds are reported in this region.[98] The increase of C content 
might result in the increase of the complex combination of B–N, C–N and B–N bonds 
in the h-BCN hybrids.  
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4.3.2. XRD analyses on crystallinity  
 
Fig. 29 shows XRD patterns of the 4 samples.  Two diffraction peaks observed at 
26.3° and at 29.2° for these samples seemingly suggest the existence of crystalline 
phases in these films. The (0 0 2) diffraction peaks of the h-BN and graphite are 
reported at 2θ = 26.8° (d=3.42 Å) and at 2θ = 26.6° (d=3.36 Å), respectively.[115] 
Therefore, the peak at 26.3° (d=3.47 Å) could be assigned to the hexagonal BCN phase 
as confirmed by FT-IR.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 29. XRD patterns of the samples. Samples (1) and (2) were synthesized in N2 
carrier gas at 800 and 500 W, respectively. Samples (3) and (4) were synthesized in 
CH4+H2 carrier gas at 700 and 400 W, respectively. The compositions estimated 
from the XPS for the respective samples are shown at the right side.     
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The large interlayer distance compared with h-BN and graphite suggests that the     
h-BCN basal planes are packed a little bit rougher than h-BN and graphite, because of 
the ternary atomic mixing in the sp2 basal plane. The peaks are stronger for the samples 
(3) and (4) prepared in CH4+H2 than those for sample (1) and (2) prepared in N2 carrier 
gas. The more C content might enhance the formation of the hexagonal phase in these 
films.  
The peak at 2θ = 29.2° (d=3.16 Å) has not been reported yet for the BCN compounds. 
The relative intensity of the unknown peaks is strong for samples (1) and (3) prepared at 
the higher RF power than those for the samples (2) and (4) at the lower RF power. 
Auxiliary experiments using different substrates such as Ni, and Ti were performed in 
order to confirm this unknown peak.  
Figs. 30 and 31 show the XRD pattern for the samples prepared on Ni (111) and Ti 
polycrystalline substrates at different RF powers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 30. XRD patterns of the samples synthesized on Ni substrates at different RF 
powers. The XRD patterns of the HOPG and h-BN are also shown for comparison. 
The compositions estimated from the XPS for the respective samples are shown at 
the right side. The samples are classified by “A” with respect to the RF powers.  
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Fig. 31. XRD patterns of the samples synthesized on Ti substrates at different RF 
powers. The XRD patterns of the HOPG and h-BN are also shown for comparison. 
The composition estimated from the XPS for the respective samples are shown at 
the right side. The samples are classified by “B” with respect to the RF powers.  
 
The peak at 29.2° was also revealed in the samples of all the substrates. Therefore, 
the unknown peak must be ascribed to the other crystalline BCN phase. The (002) peak 
of the h-BCN phase for these samples are not pronounced as observed for the samples 
on Si (100), although the C content in these samples estimated from the XPS is high 
enough.   
 
4.3.3. XPS analyses on composition  
 
 The B1s, C1s and N1s XPS spectra of the samples prepared in CH4 and N2 carrier 
gas are shown in Figs. 32–34.  Their compositions estimated from the XPS wide scan 
spectra are B44C22N34 (sample 1), B45C23N32 (sample 2), B36C35N29 (sample 3) and 
B38C35N27 (sample 4), respectively. When the N2 carrier gas was used, the C content in 
the films was low compared with B and N (samples 1 and 2).  
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Fig. 32. B1s XPS spectra of the samples shown in Fig. 29 together with the single 
Gaussian curve (broken line, red color) and the deconvoluted component peaks 
(dotted line). The compositions of the respective samples are also shown.  
  
 CH4+H2 carrier gas increased the C content (samples 3 and 4). This may be due to 
the higher reactivity of the fragments of CH4 than that of the N2 fragments in the plasma. 
This implies that N2 does not affect on composition because of its inertness. The B1s, 
C1s and N1s spectra of the samples prepared in the N2 and the CH4+H2 carrier gases did 
not change with the RF power. Therefore, discussion has been emphasized in detail on 
the samples (1) and (3) prepared in N2 and CH4+H2 carrier gas, respectively. The B1s 
peak could be fitted almost by a single Gaussian curve as shown in a broken line. 
However, FWHM of the B1s peaks (~3.0 eV) was wider than that of the h-BN (~1.7 
eV).[102] Therefore, the XPS spectra were deconvoluted into component peaks as 
described in the previous chapter.  
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 The B1s spectra could be well fitted by deconvoluting into two Gaussian peaks 
centered at 190.8 and 189.6 eV, respectively. These component peaks are assigned to 
the B–N and the sp2-B–C–N atomic hybrid bonds based on their reported binding 
energies.[116] As the C content increased and the B content decreased (sample 3), the 
B1s peak slightly shifted to the higher energy. This might be due to a distortion of the 
sp2-B–C–N configuration with the incorporated C. The XRD data for these samples also 
indicate prominent presence of the h-BN and/or graphite like structure.     
Fig. 33 shows the C1s XPS spectra of the samples. The C1s spectra were also fitted 
with a single Gaussian curve. However, the peaks were broad (FWHM=~3.5 eV) and 
tailing of the spectra to the higher energy was clearly observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 33. C1s XPS spectra of the samples shown in Fig. 29 together with the single 
Gaussian curve (broken line, red color) and the deconvoluted component peaks 
(dotted line). The compositions of the respective samples are also shown.   
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Therefore, the spectra were also fitted by deconvoluting into three component peaks. 
The peak centered at 283.1 eV suggests the formation of the C–B bond because the C1s 
binding energies for BC3.4 and B4C have been reported to be 284.3 and 283.0 eV, 
respectively.[103] The peak centered at 284.4 eV could be ascribed to the graphite-like 
C=C bonds.[74] However, no evidence for the separate graphite phase or amorphous 
phase was found. The component peak centered at 286.0 eV is due to C atom bonded to 
more electronegative N atom.[99] Therefore, the C atoms would be bonded to B and N to 
form the B–C–N hybrid bonds, while formation of the CNx phase can not be excluded.   
 Fig. 34 shows the N1s XPS spectra of the samples. The N1s spectra of the samples 
could be fitted with a broad single Gaussian curves. These spectra could also be fitted 
by deconvoluting two component peaks. The deconvoluted peak centered at 398.0 eV 
could be assigned to the N–B bond.[74] The N–B bond is predominant in accordance 
with the B–N bond found in the B1s spectra. The component peak centered at the higher 
binding energy (399.3 eV) would be due to the N–C bond. The formation of the N–C 
bond was also suggested from the C1s spectra.   
It is confirmed from these XPS results that the films are composed of different B–N, 
B–C, C–N bonds to form the sp2-BCN atomic hybrid configurations. No clear evidence 
of the phase separation was observed while the tailing of the C1s peaks to the higher 
binding energy suggested the formation of the small amount of the CNx phase together 
with the h-BCN hybrids.    
 
 
4.3.4. Orbital-orientation of h-BCN hybrids on different substrates  
 
The polarization dependence of B K-edge NEXAFS spectra of the typical samples (1) 
and (3) are shown in the Figs. 35 and 36. The NEXAFS spectra for the h-BN, c-BN and 
B4C powders are also shown as the reference. A broad peak (peak B2) has been 
predominantly observed at the photon energy of 191.8 eV at the normal incidence (θ  = 
90○) of the X-ray.  
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Fig. 34. N1s XPS spectra of the samples shown in Fig. 29 together with the single 
Gaussian peak (broken line, red color) and the deconvoluted component peaks 
(dotted line). The compositions of the respective samples are also shown.  
 
 
The predominant peak could be ascribed to the π* resonance of sp2-B–C–N bonds, 
suggesting the formation of the sp2-BCN hybrids with a similar configuration to BN3 in 
h-BN. At the grazing incidence angle (θ  = 15○), the B2 peak decreased and the fine 
structures are not strong in samples prepared in N2 carrier gas (Fig. 35). On the other 
hand, the fine structures B1 and B3 appeared clearer for the samples prepared in CH4 
carrier gas (Fig. 36).  
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Fig. 35. B K-edge NEXAFS spectra for the sample (1) at various incidence angles 
(θ ) of the X-ray. The sample was synthesized at 800 W in N2 carrier gas. NEXAFS 
spectrum for the h-BN, c-BN and B4C powders are also shown for comparison.    
 
 
The peak B1 could be ascribed to the B atoms bonded to B in B4C-like configuration 
because of the similar photon energy to B4C.[109] The peak B3 could be due to different 
configuration from the BN3 like configuration. However, it could not be simply ascribed 
to the B atoms bonded to N and C atoms such as BN2C or BNC2 configuration since the 
photon energy of the B K-edge should be decreased by substituting the C for more 
electronegative N atoms around the B atoms. The peak B4 is reported to be the B–O 
bond which is estimated as the surface contamination.[95] It could not estimate the cubic 
phase of BCN comparing with the reference spectrum of c-BN.  
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Fig. 36. B K-edge NEXAFS spectra for the sample (3) at various incidence angles 
(θ ) of the X-ray. The sample was synthesized at 700 W, in CH4+H2 carrier gas. 
NEXAFS spectrum for the h-BN, c-BN and B4C powders are also shown for 
comparison. 
 
The notable decrease in the B2 peak height and increase in the σ* resonance peak 
(broad feature denoted by B5) were found as the incidence angle decreased. It suggests 
that the h-BCN layers would orient in the perpendicular to the silicon substrate.[113] The 
B5 peaks indicate that the atomic arrangement around the B atoms is not well-ordered as 
those in the h-BN. The decrease of the B2 peak height for sample (1) was not 
pronounced and the B1 and B3 fine structures were not obvious in comparison with 
those for sample (3).    
The polarization dependence of N K-edge NEXAFS spectra of the typical samples 
(1) and (3) are shown in Figs. 37 and 38.  
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Fig. 37. N K-edge NEXAFS spectra at various incidence angle (θ ) of the X-ray for 
the typical sample. The sample was synthesized at 800 W in N2 carrier gas. 
NEXAFS spectrum for the h-BN powders are also shown for comparison. 
 
Similar to the B K-edge spectra, the π* resonance peak of the N K-edge decreased at 
the grazing incidence of the X-ray. It confirms the orientation of the h-BCN basal 
planes perpendicular to the silicon substrate surface. However, fine structures are not 
appearing in the N K-edge spectra and the spectra for sample (1) and sample (3) are 
very similar to each other.  
This observation suggests that the atomic arrangement around N atoms in these 
samples is homogenous and very similar to each other in comparison with those around 
the B atoms. The σ* resonance peaks are more gentle than those of the h-BN, while the 
N atoms in h-BN crystal are regularly surrounded by 3B atoms. However, it is difficult 
to distinguish the atomic arrangements around N atom because the peak energies 
corresponding to the N–B and N–C bonds lie very close to each other.[110]     
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Fig. 38. N K-edge NEXAFS spectra at various incidence angle (θ ) of the X-ray for 
the sample typical sample. The sample was synthesized at 700 W, in CH4+H2 
carrier gas. NEXAFS spectrum for the h-BN powders are also shown for 
comparison. 
 
 
Now the geometrical structure of the samples prepared on Ni (111) and Ti substrates 
has been compared with those of the samples prepared on Si (100) substrate.  
Figs. 39 and 40 show the B K-edge NEXAFS spectra for the typical samples 
prepared on Ni (111) substrate at the different RF powers and at the different substrate 
temperatures. It has been observed that the polarization dependence is not prominent as 
observed for the samples on Si substrate. The fine structures defined as the N void 
defect structure are clearly observed at lower RF power of 400 W (Fig. 39). At the 
higher RF power of 800 W the fine structures are not obvious (Fig. 40).       
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Fig. 39. B K-edge NEXAFS spectra for the typical sample at various incidence 
angles (θ ) of the X-ray. The sample was synthesized at 400 W on Ni (111) substrate 
in H2 carrier gas and at the substrate temperature of 700°C. The NEXAFS 
spectrum for the h-BN, and B4C powders are also shown for comparison.  
 
 
Figs. 41 and 42 show the B K-edge NEXAFS spectra for the typical samples 
prepared on Ti (polycrystalline) substrate at the different RF powers and at the different 
substrate temperatures. The NEXAFS spectra are taken at the different incident angles θ 
of the SR beam. The intensity of the predominant peak B2 is not influenced by the 
incident angles. The fine structures are not obvious. This implies that the predominant 
existence of only the h-BCN phase almost randomly oriented structure is confirmed on 
the Ti substrate surface.    
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Fig. 40. B K-edge NEXAFS spectra for the typical sample at various incidence 
angles (θ ) of the X-ray. The sample was synthesized at 800 W on Ni (111) substrate 
in H2 carrier gas and at the substrate temperature of 800°C. The NEXAFS 
spectrum for the h-BN, and B4C powders are also shown for comparison.  
 
 
4.4. Discussion  
             
Based on the results by FT-IR, XRD, XPS and NEXAFS analyses, we discuss on the 
atomic arrangement, composition and orientation of the h-BCN films prepared by RF-
plasma CVD in different carrier gases.   
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Fig. 41. B K-edge NEXAFS spectra for the typical sample at various incidence 
angles (θ ) of the X-ray. The sample was synthesized at 400 W on Ti 
(polycrystalline) substrate in H2 carrier gas and at the substrate temperature of 
700°C. The NEXAFS spectrum for the h-BN, and B4C powders are also shown for 
comparison. 
 
4.4.1. Atomic arrangement  
 
The samples contained 22–35 at.% C determined by XPS. Therefore, we propose the 
formation of the ternary mixing of the sp2-B–C–N atomic hybrid bonds. The broadening 
of the FT-IR peaks might be due to the coexistence of a variety of bonds such as B–N, 
B–C and C–N and their combinations because these bonds exhibit the IR absorption 
peaks in this reason.[98]  
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Fig. 42. B K-edge NEXAFS spectra for the typical sample at various incidence 
angles (θ ) of the X-ray. The sample was synthesized at 800 W on Ti 
(polycrystalline) substrate in H2 carrier gas and at the substrate temperature of 
800°C. The NEXAFS spectrum for the h-BN, and B4C powders are also shown for 
comparison.  
 
 
The broadening of the spectra with the C concentration suggests the increase in the 
complexity of the combination of C–N, C–B and B–N bonds. The hexagonal structure 
was also detected for the samples in terms of the (0 0 2) peak in the XRD patterns (Fig. 
29), confirming the formation of the long range order in the atomic arrangement which 
was not found in the previous work.[114] The unknown XRD peak at 29.2○ which 
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suggested another crystalline phase was remarkable for sample (1), however more 
studies are needed to clarify the unknown phase. The 002 diffraction for the samples on 
Ni (111) and Ti substrates are not pronounced as compared for the samples on Si (100) 
although the C content is high. This discrimination has not been clarified at present. 
Based on the FT-IR and XRD results we unambiguously propose the hexagonal          
(h-BCN) atomic arrangement in the present samples.  
The XPS spectra suggest that the films are composed of different B–N, B–C and    
C–N bonds to form the sp2-BCN atomic hybrid configurations. The wider FWHM of 
the B1s peaks in comparison with that of h-BN suggests that B atoms have various 
chemical environments other than the BN3 configuration similar to h-BN. The little shift 
of the B1s XPS spectra to the higher binding energy for samples (3) and (4) with higher 
C content indicates the distortion of the sp2-BCN chemical environment with the C 
concentration. The broader C1s XPS spectra than the graphite implies that the C atoms 
are not only bonded to C to form the graphite-like configuration but also bonded to B 
and N to form the sp2-B–C–N atomic environments. Tailing of the spectra to the higher 
binding energy might be ascribed to the binary phase CNx together with the sp2-BCN 
hybrids. The broad N1s XPS spectra and tailing also suggest the formation of the sp2-
BCN atomic hybrids with a variety of configurations. However, it is difficult to clearly 
sort out the different configurations of BCN hybrids by the XPS spectra.  
All the samples showed broad NEXAFS spectra in comparison with h-BN. The 
predominant peak B2 suggests the formation of the sp2-B–C–N configuration like BN3 
in h-BN. The shrinking of the predominant peak B2 was pronounced and some fine 
structures became clearer at the grazing incidence of the X-ray for sample (3) with high 
C content. The incorporated C might reduce the homogeneity in the h-BCN network as 
suggested from the XPS analyses and hence enhance the formation of the B4C-like 
configuration (fine structure B1) and the different BCN hybrids (fine structure B3) other 
than the h-BN-like configuration (fine structure B2). The π* resonance of N K-edge 
decreased without showing fine structures at the grazing incident. This result suggests 
the atomic arrangements around N atoms are homogeneous in contrast to those around 
B atoms.  
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4.4.2. Composition  
   
The C concentrations in the films (1) and (2) prepared in N2 carrier gas were lower 
(22 and 23 at.%, respectively) than those in the films (3) and (4) in CH4+H2 carrier gas 
(35 at.% for both). This may be due to the higher reactivity of the CH4 fragments than 
the N2 in the plasma. In the XRD patterns, the intensity ratio of the hexagonal (0 0 2) 
peak at 26.3○ to the unknown peak at 29.2○ was higher for samples (1) and (2) with 
lower C content than the samples (3) and (4) with higher C content. The unknown peak 
at 29.2° for the samples on Ni (111) polycrystalline Ti was not intense although the C 
content was high. The broader NEXAFS spectra and more significant fine structures 
were found for sample (3) than for sample (1). These results suggest that the 
composition might influence not only the atomic arrangement but also the crystallinity 
and/or the crystal structure.  
 
4.4.3. Orientation 
    
In the NEXAFS spectra, considerable decrease of the π* resonance of the sp2-BCN 
hybrid structure with h-BN-like configuration (B2 peak) was observed at the grazing 
incident angle of X-ray in comparison with that at the normal incidence. It is because 
the direction of the orbital vector p of π* orbital of the sp2-BCN sheets becomes 
opposite to the electric field vector E of the incident beam of X-ray at the grazing 
incidence.[82] It hence means that the orientation of the sp2-BCN basal planes with        
h-BN-like configuration was perpendicular to the Si substrate. The polarization 
dependence of the fine structures other than B2 (B1, B3 and B4) were not clear while 
they clearly appeared at the grazing angle for sample (3). The fine structures observed at 
400 W and disappeared for the sample at 800 W on Ni substrate. In the case of Ti 
substrate the existence of fine structures is not evident. This indicate that the formation 
of only the single phase of the h-BCN on Ti substrate. The orientations of the fine 
structures are so far ambiguous. Similar to the B K-edge, polarization dependence of the 
π* resonance peak for N K-edge also suggests the orientation of the sp2-BCN sheets 
perpendicular to the Si substrate.  
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4.5. Conclusion 
 
The hexagonal crystalline structure of the BCN hybrid synthesized on different 
substrates was suggested by FT-IR. The long-range order of the crystalline phase in the 
samples was confirmed by XRD. CH4 carrier gas enhanced the C incorporation into the 
h-BCN and the different composition of the films was determined by XPS measurement. 
On the basis of the polarization dependence of NEXAFS the different orientations of the 
films has been clarified. It is found that the   h-BCN layers composed of highly ordered 
structure and oriented in the direction perpendicular to the Si (100) substrate. The 
perpendicular orientation is also obvious for the samples prepared on Ni (111) substrate. 
On the other hand, the single phase of the h-BCN hybrids with randomly orientated 
structure on the Ti substrate is confirmed. The orientation of the h-BCN hybrid on 
different substrates might follow the order Si(100)>Ni(111)>Ti (polycrystalline).     
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Chapter 5 
Stoichiometric growth of B–C–N hybrid films on 
HOPG substrate  
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5.1. Introduction  
 
 Much effort has been devoted to synthesize ternary BCN compounds since they are 
attractive as the superhard or the semi-conducting materials with adjustable band-gap 
energy. However, single phase of the stoichiometric BCN has not been reported yet and 
efforts were not devoted to clarify the atomic arrangement precisely in the BCN films.  
 In the previous chapter (chapter 3 and 4), the BCN hybrid films synthesized on 
Si(100) substrate have been reported.[117] In those chapters, the crystalline phase in the 
samples was not detected by XRD. Crystalline h-BCN hybrid films with more C 
contents with different compositions have been successfully prepared which is 
presented in chapter 4 and reported elsewhere.[118]  In this chapter, stoichiometric 
growth of single phase of the h-BCN hybrid synthesized on HOPG has been presented. 
The as-deposited samples were heat treated at 900°C in order to check the possible 
phase separation of the h-BCN to the c-BCN.    
 
5.2. Experimental procedure    
 
 BCN films have been synthesized on HOPG substrate by RF-PECVD using TDMAB 
as the precursor. A layer of HOPG (~ 0.2 mm) was peeled off and immediately placed 
at the center of the work coil and then the deposition was performed at the RF powers of 
200 to 800 W for 60 min at the reaction pressure of 2×10–2 Torr.  The as-deposited 
samples were subjected to heat treatment at 900°C keeping the reaction parameters 
same as that of the deposition condition without flowing vapor of the TDMAB. The 
typical experimental conditions are summarized in the Table 11.    
The samples were characterized by XPS, NEXAFS and Raman spectroscopic 
measurements. The film thickness was estimated from the cross-section image of the 
FE-SEM observation. The XPS and NEXAFS were performed at BL-27A and BL-11A 
of the KEK-PF. The chemical bond was further explored by Raman spectroscopy.  
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Table 11. Typical reaction conditions for the deposition of stoichiometric B–C–N 
hybrid films on HOPG. 
Deposition parameter Ranges 
RF power (W) 200 ~ 800  
Reaction pressure (Torr) 2×10–2   
Deposition time (min) 60    
Flow rate of carrier gas H2 (sccm) 20   
Flow of raw material TDMAB (sccm) ~1   
 
 
5.3. Results and discussion    
 
5.3.1. Compositional analyses by XPS    
 
The samples synthesized at the substrate temperature of ~600 to 1050°C, setting the 
HOPG substrate on a graphite susceptor, have been analyzed by XPS. The BCN films 
with high C content were deposited when the substrate temperature was ≤ 800°C. The 
films were found to be composed of only C when the substrate temperature was kept at 
above 900°C. The stoichiometry of the BCN films close to B1C1N1 has been obtained 
by setting the substrate on the ceramic holder.  
Wide scan XPS spectra for the samples synthesized on the graphite susceptor and the 
ceramic holder are shown in Figs. 43 and 44, respectively.  In Fig. 43, the substrate was 
heated by the radiofrequency plasma around at 600 to 1050°C. At the higher RF power, 
the plasma might be etched the graphite susceptor and then the vaporized C might be 
preferably deposited on HOPG. Therefore, the films composed of only C. It has been 
assumed that the ceramic holder does not affect on the film composition and has also 
been found that the RF power did not change the film composition significantly. Two 
samples with the stoichiometry close to B1C1N1: B33C35N32 (sample 1) and B37C33N31 
(sample 2) have been selected for the detailed characterization.   
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Fig. 43. XPS wide scan spectra of the samples synthesized at different RF powers 
setting the HOPG substrate on the graphite susceptor. The RF powers and the 
corresponding substrate temperatures were also shown.   
 
 
The B1s, C1s and N1s XPS spectra for the typical samples prepared at 800 and 600 
W are shown in Figs. 45–47, where the spectra of the heat-treated samples are also 
shown. Distinguishable differences on the stoichiometry of the films between the as-
synthesized and those of the heat-treated samples were not found. The B1s XPS spectra 
shown in Fig. 45 for all the samples found to be very symmetrical and could be fitted 
almost by a single Gaussian curve as shown by the broken line. However, the FWHM of 
the peak (~2.6 eV) became wide in comparison with that of the pure h-BN (~ 1.0 
eV).[75]  
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Fig. 44. XPS spectra of the typical samples synthesized at 800 W (sample 1) and 
600 W (sample 2), respectively setting HOPG substrate on ceramic holder. The 
substrate temperatures were 750°C (sample 1) and ~ 650°C (sample 2), 
respectively. The spectra of the heat-treated samples are also shown by asterisk.        
 
 
The FWHM of the heat-treated samples was increased by 0.3 eV while the 
composition seems to be almost same as that of the synthesized sample. The wider 
FWHM of B1s peak suggests that the B atoms have various chemical environments. 
Therefore, the XPS spectra were deconvoluted into the component peaks in order 
discuss in more detail of the possible chemical environments in the films.  
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Fig. 45. B 1s XPS spectra, together with the single Gaussian curve (broken line, red 
color) and the deconvoluted component curves (dotted line).  Samples were 
synthesized at 800 (sample 1) and 600 W (sample 2), respectively setting HOPG 
substrate on ceramic holder. The substrate temperatures were 750°C (sample 1) 
and ~ 650°C (sample 2), respectively.  Spectra of the heat-treated samples defined 
by asterisk are also shown.   
 
 
The FWHM of the B1s peak for the heat-treated sample was increased by ~ 0.3 eV 
without shift of the spectra. This might be due to a slight distortion and/or change of the 
sp2-B–C–N chemical environment around B atom other than the BN3-like configuration.  
Fig. 46 shows the C1s XPS spectra of the samples. The C1s XPS spectra were also 
fitted with a broad single Gaussian curve with FWHM=~3.2 eV. In contrast with the 
B1s, the FWHM of C1s spectra of the heat-treated samples were decreased by ~ 0.4 eV 
and tailing of the spectra to the higher binding energy was clearly observed.  
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Fig. 46. C1s XPS spectra, together with the single Gaussian curve (broken line, red 
color) and the deconvoluted component curves (dotted line) for the samples shown 
in Fig. 45. 
 
Therefore, the spectra were fitted by deconvoluting into component peaks. The 
dominating peak centered at 284.5 eV could be ascribed to the C=C bonds as in 
graphite.[73] The deconvolution peak centered at 283.2 eV suggests the formation of the 
C–B bond, because the C1s peak energies for BC3.4 and B4C have been reported to be at 
284.3 and 283.0 eV, respectively.[103]  
It has been observed that the composition of the deposited as well as those of the heat 
treated samples remains same and no peak shift of the C1s was observed. This could be 
explained by the formation of the more stable B–N and C–C bonds than the weak C–B 
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bonds in the B–C–N bond network.[49] The broader C1s spectra imply that the C atoms 
are not only bonded to C to form the graphitic C=C bonds but also there are C atoms 
bonded to B and N atoms to form the sp2-B–C–N atomic environment in the films.  
Fig. 47 shows the N1s XPS spectra of the samples. The broadening suggests the 
predominant formation of the BCN atomic hybrid configuration. These spectra could 
also be fitted by deconvoluting into two component peaks. The peak centered at 398.0 
eV could be assigned to the sp2-N–B bond. The N–B bond is predominant in accordance 
with the B–N bond found in the B1s spectra. The component peak centered at higher 
binding energy (399.0 eV) is due to the formation of N–C bond.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 47. N1s XPS spectra, together with the single Gaussian curve (broken line, red 
color) and the deconvoluted component curves (dotted line) for the samples shown 
in Fig. 45. 
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5.3.3. Orbital-orientation by Polarization dependence of NEXAFS    
   
The precise analysis of the polarization dependence of B K-edge NEXAFS spectra 
for the typical sample (1) and that of the heat-treated one are shown in Figs. 48 and 49. 
For the reference, the NEXAFS spectrum of the h-BN is shown at the bottom of the 
figures. Sample (2) showed virtually similar results as that of the sample (1). In the 
NEXAFS spectra, when the incident angle was decreased the intensity of the 
predominant peak B2 was decreased (θ = 10°) and the fine structures (B1, B3) were not 
clear at the grazing incidence of the X-ray as observed in the previous chapter 3 and 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 48. B K-edge NEXAFS spectra at various incident angles (θ ) of the X-ray for 
the typical sample. The sample was synthesized at 800 W by setting HOPG 
substrate on the ceramic holder. The substrate temperature was 750°C. NEXAFS 
spectrum of h-BN is also shown for comparison.   
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Theoretical calculations have been carried out for the energy separation of the 
graphite-like BC2N system of the B1s → π* and B1s → σ* resonances of 7.0–8.5 
eV.[119,120] The energy separation (π*– σ*  resonance) of the present samples was found 
to be 7.5 eV which is in good agreement with the observed energy.  
The fine structures B3 and B4 appeared clearer in the Fig. 49 at the grazing incident 
angle of the heat-treated samples. It might be due to the formation of different BCN 
atomic configurations with N defect structure from the BN3-like configuration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 49. B K-edge NEXAFS spectra at various incident angles (θ ) of the X-ray for 
the heat-treated sample at 900°C. NEXAFS spectrum of h-BN is also shown for 
comparison.  
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The spectral shape of the heat-treated sample does not change which implies that the 
hexagonal phase is kept constant after heat-treatment. The peak appeared at ~193.8 eV 
is reported to be the B–O bond due to surface contamination.[95]  
The polarization dependence of N K-edge NEXAFS spectra for the typical sample 
(1) and that of the heat-treated one are shown in Fig. 50 and 51 together with the 
NEXAFS spectrum of h-BN as the reference. The polarization dependence of N K-edge 
NEXAFS spectra for the samples (2) and those of the heat-treated samples showed 
almost similar results.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 50. N K-edge NEXAFS spectra at various incident angles (θ ) of the X-ray for 
the as-deposited sample (1). NEXAFS spectrum of h-BN is also shown for 
comparison. 
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Fig. 51. N K-edge NEXAFS spectra at various incident angles (θ ) of the X-ray for 
the heat-treated sample (1). NEXAFS spectrum of h-BN is also shown for 
comparison.  
 
 
 With the grazing incident angle, change of intensity for both the π* and σ* 
resonance was not clear and fine structures were not appeared. This observation 
confirms that the atomic orientations of the sp2-BCN hybrid are more homogeneous and 
very similar to each other in comparison with those around the B atoms which agree 
well with the result of the B K-edge spectra.  
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5.3.4. Raman measurements on bonding state  
    
 The Raman spectroscopy is known to be a very efficient technique for the 
investigation of chemical bonds of graphitic carbons.[121–123] It has been expected that 
the Raman spectrum of the h-BN very closely resembles that of graphite.[123] Because of 
the similar crystalline structure of the h-BN and graphite, the Raman spectroscopy has 
been considered to be supportive for the characterization of BCN compounds.   
 Fig. 52 shows Raman spectra for the typical samples deposited at 800 and 600 W, 
respectively together with the Raman spectra of HOPG, h-BN and B4C for comparison.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 52. Raman spectra for the samples deposited at 800 and 600 W. The Raman 
spectra of HOPG, h-BN and B4C are also shown for comparison.    
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 Two resolved peaks were clearly identified at 1352 (D band) and 1592 cm–1 (G band) 
in these spectra. The G band found almost the same wave number to those found in the 
graphite in which the band at 1580 cm–1 was shifted to 1590 cm–1 due to the boron 
doping in the graphite network.[124] The shift of the band for the present sample is 
probably due to the ternary atomic mixing of B, C and N to form the graphite-like sp2-
BCN atomic hybridization. The intensity ratio of D/G of Raman band has been used as a 
measure of the degree of crystallization with ordered structure. The lower value of D/G 
band in the Raman spectra indicates that the crystalline h-BCN hybrids with certain 
degree of ordered structure was deposited on HOPG.[125]  
 
5.3.5. XRD measurements on crystallinity    
 
Fig. 53 shows the X-ray diffraction patterns for the as-deposited samples together 
with the XRD pattern of the HOPG substrate. However, it could not distinguish the 
diffraction peak of the as deposited BCN films and that of the HOPG probably due to 
the overlapping of the very strong diffraction (0 0 2) peak for HOPG observed at 2θ = 
27°. The film thickness seems to be around 10 µm obtained from SEM and short range 
atomic order of the films are another reasons why the hexagonal BCN peak could not be 
distinguished from the diffraction peak of HOPG.   
 
5.3.6. Microstructure analyses by FE-SEM   
 
 High resolution FE-SEM surface morphology for the typical sample (1) is shown in 
Fig. 54 (a) and Fig. 54 (b) showed the cross-section image of the same sample. The film 
revealed that a micrometer scale flakes crystals seems to be peeled off from the sample 
surface. The cross-section image showed that the crystalline flakes are piled up on the 
HOPG substrate having thickness of around 10 µm. From the SEM image it is clear that 
some layers are flat-laying and some are random or perpendicular orientation which 
reflects the NEXAFS results.         
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Fig. 53. XRD patterns for the typical samples (samples 1 and 2) shown in Fig. 52 
together with the XRD pattern of the substrate HOPG.    
  
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 54. FE-SEM morphology: (a) image of the as-deposited sample (1), (b) cross-
section image of the sample (1).  
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5.4. Conclusion    
  
 The stoichiometric growth of the h-BCN films on HOPG have been clarified by XPS 
and NEXAFS. The broad XPS spectra suggest that the films composed of graphite-like 
B–C–N atomic hybrid configuration which is confirmed by Raman spectroscopy. 
NEXAFS measurements also confirm the predominant formation of the single phase of 
the graphite-like BCN configuration although some fine structures are appeared in the 
heat-treated samples. The crystalline structure is not improved in the as-deposited 
samples as suggested by the XRD and Raman spectra. On the basis of the polarization 
dependence of the B K-edge NEXAFS spectra it is implied that the h-BCN sheets are 
randomly oriented on the HOPG substrate surface.      
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Chapter 6 
Self–ordering of silicon polymer films synthesized 
on solid surfaces     
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6.1. Introduction    
   
Organopolysilanes are composed of a chain of sigma-bonded silicon atoms with 
organic substituents.[126] The optical and electric properties of these polymers are 
strongly dependent on the ordering of the organic substituents and that of the 
configuration of the silicon skeleton. From the first-principle approach, it has been 
predicted that the organopolysilanes possess similar electronic structure with direct 
band-gap semiconductor.[127] Among the polysilanes, the most fundamental polysilane 
is the poly(di-methyl silane) (PDMS) and it has been considered to be a candidate 
material in the nanotechnology.  
The high electrical conductivity of the PDMS molecule along the one-dimensional 
chain is resulted from the smaller band gap between the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).[128] Furthermore, 
the polysilane possesses outstanding physical properties such as photoconductivity and 
ultraviolet electrolumines-cence.[129–131] It has been reported that the polysilanes lead to 
the formation of SiC related products by thermally induced decomposition at higher 
than 1000°C.[132–134]  
In vacuum, the molecular structure and packing of PDMS film have clarified by 
Furukawa et al.[135] The orientation and structure of PDMS thick films (thickness ~10–
90 µm) could be controlled by changing evaporation rate, vacuum pressure of the 
chamber and the substrate temperature. The direction of the silicon backbone of PDMS 
becomes perpendicular at high substrate temperature and low evaporation rate. On the 
other hand, the direction becomes parallel at low substrate temperature with high 
evaporation rate.[136–140] Scanning tunnelling microscopy study confirmed the formation 
of self-assembled PDMS films of which the silicon backbone chain was perpendicular 
to the graphite substrate.[141] More recently, polarized synchrotron radiation has been 
employing to clarify the molecular orientation and electronic structure of PDMS film 
evaporated on highly oriented pyrolytic graphite.[142] 
As it is evident that the electronic and optical properties of the PDMS molecules are 
fairly depends on the ordering of the layered structure, it is of great importance to 
elucidate the orientation of the PDMS molecule as well as morphology and electronic 
structure. Molecular orientation of planer organic molecules can be determined by 
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various spectroscopic methods such as infrared spectroscopy (IR), X-ray diffraction 
(XRD), low energy electron diffraction (LEED), ultraviolet photoelectron spectroscopy 
(UPS) and near-edge x-ray absorption fine structure (NEXAFS) spectroscopy. There 
has been some UPS studies of polysilanes films, but they were either of low spectral 
quality or limited to the top part of the valence level.[143–145] The study of molecular 
orientation by polarized NEXAFS has been reported for oriented poly(dihexylsilane) 
film at the Si K-edge.[146] Among the above mentioned spectroscopy, NEXAFS is one of 
the most powerful tools to study the molecular orientation and electronic structure. 
However, this spectroscopy has a great advantage in providing the information on the 
exact molecular orientation and ordering of the molecule. 
In this chapter of my research, the ordering and the molecular orientation of PDMS 
films have been precisely investigated. The PDMS film evaporated on indium tin oxide 
(ITO) surface by high vacuum electron bombardment method.  NEXAFS and XPS were 
performed using linearly polarized synchrotron radiation (SR) as an excitation source.  
The angle between the molecular axis (Si–Si and Si–C) and the surface has been 
assigned from the polarization dependencies of the Si K-edge NEXAFS spectra. This is 
the first investigation for the precise analysis of the polar angle of the self-ordered 
PDMS films on ITO and HOPG surfaces.                
 
6.2. Experimental procedure   
 
The detail experimental procedure for the synthesis of silicon polymer thin films has 
been described in the experimental section. The other parts of the BL-27A are reported 
elsewhere.[147]  
In order to synthesize silicon polymer films, specially designated vacuum evaporator 
has been used. Indium tin oxide (In2O3 = 90%, SnO2 = 10%) has been used as the 
substrate because of it’s two notable properties: (i) semiconductor and (ii) transparency. 
Prior to the evaporation, the substrate ITO was cleaned by ultrasound immerging in 
acetone at 15 min and then immediately transferred into the preparation chamber. The 
source powder material purchased from GELEST Inc., was poly(di-methyl silane) 
[Si(CH3)2]n. The average molecular weight was about 2000. The powder shows off-
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white colour and it is insoluble in most of the organic solvents at room temperature.[140] 
The powder was put in the designated quartz crucible in the vacuum chamber.  
The thickness of the deposited samples was precisely determined by XPS. We have 
measured the Si1s and In3d peaks in the XPS spectrum for the deposited samples, and 
then the thickness was calculated by the peak intensity ratio using photoionization cross 
section[81] and inelastic mean free paths (IMFP’s).[148] The electronic structure and 
molecular orientation were precisely investigated by NEXAFS measurements.  
  
6.3. Results and discussion 
 
6.3.1. XPS analyses on electronic structure   
 
Fig. 55 shows XPS wide scan spectra for the PDMS films deposited on ITO surface 
by vacuum evaporation method. The relation between the thickness and the intensity 
ratio of Si1s /In3d is shown in Fig. 56.  
Four samples with different thicknesses have been considered in this study. The 
spectra #a, #b and #c are the samples with different thickness deposited at room 
temperature.  The sample #b was annealed at 80°C and the spectrum of the annealed 
sample is named by #d. The inset figure shows the narrow scan C1s XPS spectra for the 
annealed sample, with a thickness of 1.6 nm and that of the thin sample (sample #c with 
a thickness of 3.5 nm). The assignments of the peaks are indicated in the figure, which 
includes the photoelectron peaks from the substrate ITO. The sample surface was 
irradiated by 3000 eV photons. 
 
Before discussion, initially the process of the calculation of the sample thickness d is 
described here. The thickness d has been calculated by using the following equation 
(7).[149]   
 
   
                                                                                                                      ……… (6), 
 
 
σSi 1s × λ Si 1s in PDMS × n Si × [1– exp(–d/λSi 1s in PDMS)]I Si1s
I In3d
= σIn 3d × λ In 3d in ITO × n In × [exp(–d/λIn 3d in PDMS)]
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where σ is the photoionization cross section and λ is the IMFP’s of the respective photo 
elements in respective elements. The n Si and n In are the atomic concentration of Si and 
In in PDMS and ITO, respectively. The values used for the calculation of σ for Si1s and 
In 3d5/2+3d3/2 at 3000 eV photons were 4.18×104 and 3.51×104 barns.[81] The calculated 
IMFP’s for Si1s in PDMS, In3d in ITO and In3d in PDMS were found to be 1.7, 3.4 
and 2.3 nm, respectively.[148]     
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 55. XPS wide scan spectra for the PDMS films with different thickness 
evaporated on ITO surface. The SR beam of 3.0 keV photons was used as an 
excitation source. The spectrum of the annealed sample (sample #d, annealed at 
80°C) is shown at the top of the figure. The inset figure shows the narrow scan C1s 
XPS spectra for the annealed sample (sample #b) and that of the thin film (sample 
#c).  
 
 
The prominent signal from Si1s and C1s peaks are observed at binding energies of 
1840.4 and 284.3 eV, respectively. This means that the film is several µm thick. With 
decreasing thickness, the other prominent signals from the substrate i.e. the signals from 
O1s and In3d peaks are observed for the other three samples.   
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The relative intensity of the C1s peak is very weak in comparison with the Si1s peak. 
The reason is that the photoionization cross section of Si1s photoelectron at 3000 eV is 
almost 20 times of that for C1s photoelectrons.[81] In addition, the signals from the alkyl 
group and the Si–C bonds may also contribute to the C1s peak.[150,151]  Both the Si1s and 
C1s peaks are gradually shifted to the high binding energy with decreasing thickness. In 
the case of annealed sample (sample #d), the Si1s and C1s peaks are still observed at 
high binding energies of 1844.6 and 285.8 eV, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 56. The relation between the film thickness and the intensity ratio (Si1s/In3d) 
calculated by equation (6).   
 
It is reasonable to observe the peaks at higher binding energy than for the bulk-like 
Si (0.5 nm) film, because of the one-dimensional nature of the film.[142] From the ratio 
of Si1s to C1s, it was understood that still there were some PDMS molecule remained 
on the surface. Before and after annealing, the ratio of Si (concentration)/C 
(concentration) was estimated to be 0.66 and 0.76, respectively. It is believed that the 
80°C temperature was not so enough to evaporate out or damage of the structure of the 
film.    
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XPS results confirmed the thickness of the PDMS film on the ITO surface was in the 
order of nano meter scale and the molecular structure did not change after heating at 
80°C. NEXAFS has been applied in order to elucidate the ordering, molecular 
orientation and quantitative determination of the polar angle of PDMS film in the 
subsequent section.    
                           
6.3.2. Si K-edge NEXAFS analyses on the self-ordering   
  
Figs. 57–60 show the Si K-edge NEXAFS spectra for the PDMS films of different 
thickness at different incident angles θ  of the SR beam on ITO. In inset of each of the 
figures, the definition of θ is shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 57. Si K-edge NEXAFS spectra taken at different incident angles of the SR 
beam (hν = 2.2 keV) for the thick sample (sample #a) on ITO. The NEXAFS 
spectra are taken by TEY mode. The definition of incident angle θ  is shown in 
inset of the figure.   
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Fig. 58. Si K-edge NEXAFS spectra taken at different incident angles of the SR 
beam (hν = 2.2 keV) for the sample (sample # b) with the thickness of 4.4 nm on 
ITO. The NEXAFS spectra are taken by TEY mode. The definition of incident 
angle θ  is shown in inset of the figure. 
 
 
 
It is seen that the polarization dependence of NEXAFS has been clearly observed for 
the samples #a, #b, and #c except for the annealed sample #d. At the normal incidence 
of the SR, four peaks marked by A, B, C and D are observed at 1842.0, 1843.2, 1845.2 
and 1848.6 eV, respectively. It is observed that the peaks A and B are strongly 
polarization dependent, while the polarization dependences are not evident for the peaks 
C and D. In the case of annealed sample, none of the peaks were polarization dependent.  
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Fig. 59. Si K-edge NEXAFS spectra taken at different incident angles of the SR 
beam (hν = 2.2 keV) for the sample (sample # c) with the thickness of 3.5 nm on 
ITO. The NEXAFS spectra are taken by TEY mode. The definition of incident 
angle θ  is shown in inset of the figure.  
 
 
The low-energy resonance peak A at 1842.0 eV has short-axis polarization due to the 
resonance excitation from Si1s σ* pyz orbital corresponding to the Si–C bond.[128] 
Whereas the high-energy resonance peak B at 1843.2 eV has long-axis polarization due 
to the resonance excitation from Si1s σ* px orbital corresponding to the Si–Si bond.[128] 
At liquid nitrogen temperature, similar results have been observed by McCray et al. 
for polydihexylsilane film.[146] The Peaks C and D are not exactly assigned yet. 
However, emphasize has been given on the polarization dependences of the peaks A and 
B because the peaks C and D are not apparently polarization dependent.  
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Fig. 60. Si K-edge NEXAFS spectra taken at different incident angles of the SR 
beam (hν = 2.2 keV) for the sample (sample # d) annealed at 80°C with the 
thickness of 1.6 nm on ITO. The NEXAFS spectra are taken by TEY mode. The 
definition of incident angle θ  is shown in inset of the figure. 
 
 
The intensity of the peak A decreased and the intensity of the peak B increased when 
the incident angle becomes low. The peak intensity of the NEXAFS spectrum is 
enhanced when the electric field vector of the X-ray is parallel to the direction of the 
final state orbital. On the basis of this principle, it is revealed that the backbone of the 
PDMS, i.e. the Si–Si bond, is perpendicularly oriented to the ITO surface. The 
polarization dependence disappeared for the annealed sample at about 80°C (Fig. 60) 
suggesting the PDMS was almost parallel and/or randomly oriented to the ITO surface 
after annealing.    
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To the best of my knowledge, there have been no experimental works for the 
determination of precise angle of orientation for silicon polymer on solid surface. 
Concerning to this fact, it is very important to elucidate the exact polar angle of the 
PDMS molecule on ITO and other surfaces so that the precise orientation of the film 
could be proposed. As seen, a remarkable feature observed in the peaks A and B is the 
clear polarization dependence of their intensity. The peak intensity I for the NEXAFS 
spectra using SR beam of the electric field E has already been expressed by the equation  
(5).[82]   
 
I ∝ ⎜E.O⎜2 ∝ cos2 δ ………………………………………….……………………...... (5), 
 
where O is the direction of the final state orbital and δ is the angle between E and O. 
Therefore, considering the polarization dependences, it could be supposed that the final 
state orbitals represented by the peak A are parallel to the basal plane of substrate sheet 
while those represented by the peak B are perpendicular to the basal plane of the 
substrate ITO. In view point of this, the orbitals of the σ*Si–C bonds are distributed 
almost parallel and the σ*Si–Si bonds are distributed in the perpendicular direction of the 
substrate surface. In order to get quantitative clarification of the tilted angles with 
respect to the substrate, the angles of the σ* orbitals of Si–C and Si–Si bonds with 
respect to the silicon backbone configuration are estimated. The precise angle was 
determined as follows: In that case, the resonance intensity in the NEXAFS spectrum 
could be simplified by the following equation (7).    
   
 I(θ ) = A [P · Ip + (1−P) · Iv]    ………………………………..……………………... (7),  
 
where Ip and Iv are the transition intensities associated with the angle-dependent 
matrix elements, parallel and vertical, to the electric field vector E, respectively, A is 
the normalization and P is the polarization factor.[82] The polarization factor of the SR 
beam under the present experimental condition was estimated to be about 0.95. The 
PDMS molecule on ITO surface has symmetry higher than threefold, so the intensities 
can simply be expressed by the following four (8–11) equations: in the case of vector 
type orbital, the equation becomes:[82] 
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                                                                                                   …………………..…... (8) 
 
and  
                                     ……………………………………………………………….. (9).  
 
In the case of plane type orbital, the equation becomes 
    
                                                                                                  …………………........ (10)  
 
and  
 
                                                  ……………………………………………………… (11), 
 
where α is the polar angle, i.e. the angle between the surface normal and the vector-
type σ*Si–Si  orbital (peak B). It should be noted that α is the same as the angle between 
surface and the Si–Si bond.[82] Similarly, γ is also the polar angle, i.e. the angle between 
the surface normal and normal direction of the plane-type σ*Si–C orbital (peak A). The 
value of γ is the same as the angle between surface and Si–C bond.[82]     
Figs. 61–66 show the normalized peak intensity I of the peaks A and B for the 
samples of different thickness of the NEXAFS spectra as a function of the incident 
angle θ. The details of the normalization procedure have been described in the caption 
of the figures. The spectrum taken at the normal incident shows very broad feature, 
however, it becomes Gaussian-like curve at the grazing incidence of SR (θ = 10°). Thus 
the areas have been calculated by peak deconvolution using Gaussian-curve fitting 
technique for the peaks A and B which are strongly polarization dependent.   
The experimental data for the thick films (sample # a and sample # b) almost follow 
the line with polar angle ~40° (Figs. 61–64). On the other hand, the thin film (sample 
#c) follows the line with polar angle ~50° (Figs. 65–66).  
Next, I shall discuss the standing-up orientation in more detail on the basis of the zig-
zag and helical conformation of the PDMS molecule.       
 
I v = (1/2) · sin2α⊥
I p = (2/3) · [1 – (1/4) · (3cos2θ – 1) · (3cos2γ – 1)] ⎢⎢
I p = (1/2) · [1 + cos2γ)]⊥
I v = (1/3) · [1 + (1/2) · (3cos2θ – 1) · (3cos2α – 1)] ⎢⎢
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Fig. 61. Normalized peak intensity I of the NEXAFS spectra for the thick sample 
on ITO as a function of the incident angles θ  of the SR beam. The filled circles are 
the experimental values. The intensities are normalized such that I = 1 at θ = 54.7° 
corresponding to the magic angle. The intensities of the peak B are normalized by 
the TEY mode at 1890 eV for the respective incident angles where no polarization 
dependences existed. The colored lines are theoretically calculated values at 
various α using equations (7), (8) and (9). 
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Fig. 62. Normalized peak intensity I of the NEXAFS spectra for the thick sample 
on ITO as a function of the incident angle θ  of the SR beam. The filled circles are 
the experimental values.  
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Fig. 63. Normalized peak intensity I of the NEXAFS spectra for the sample 
(sample # b) with the thickness of 4.4 nm on ITO as a function of the incident angle 
θ  of the SR beam. The filled circles are the experimental values.  
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Fig. 64. Normalized peak intensity I of the NEXAFS spectra for the sample 
(sample # b) with the thickness of 4.4 nm on ITO as a function of the incident angle 
θ of the SR beam. The filled circles are the experimental values.  
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Fig. 65. Normalized peak intensity I of the NEXAFS spectra for the sample 
(sample # c) with the thickness of 3.5 nm on ITO as a function of the incident angle 
θ of the SR beam. The filled circles are the experimental values.  
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Fig. 66. Normalized peak intensity I of the NEXAFS spectra for the sample 
(sample # c) with the thickness of 3.5 nm on ITO as a function of the incident angle 
θ of the SR beam. The filled circles are the experimental values.  
 
 
 
 
 
 
 
0 20 40 60 80
0.0
0.5
1.0
1.5 (sample #c)thickness = 3.5 nm
γ = 0ο
γ = 80ο
N
or
m
al
iz
ed
 in
te
ns
ity
 (a
rb
.u
ni
t)
 
 
(Peak A)
γ = 10ο
γ = 20ο
γ = 30ο
γ = 40ο
γ = 50ο
γ = 60ο
γ = 70ο
γ = 90ο
Incident angle θ (degree)
 
B–C–N hybrid and related low-dimensional materials.........                             Self-ordering of silicon polymer ……. 
 106  
Fig. 67 shows the image of the standing-up orientation of the as-deposited PDMS 
film. Fig. 67 (a) shows all-trans zig-zag conformation while Fig. 67 (b) shows all-trans 
helical conformation, respectively. Both the zig-zag and helical conformation were 
sketched by WinMOPAC3.9 version of computer program. Theoretical study of the 
first-principle approach proposes that the all-trans helical conformation of polysilanes is 
more stable than the zig-zag conformation.[127]   
In the case of zig-zag conformation of standing-up orientation, the Si–C bonds are 
parallel to the surface. The polar angles of both the vector type (Si–Si) orbital and the 
plane type (Si–C) orbital should be 0° [Fig. 67 (a)]. In the case of helical conformation, 
on the other hand, the Si–C bonds are not parallel and the polar angles of the Si–Si and 
Si–C orbitals were calculated to be 41.5° and 48.5°, respectively [Fig. 67 (b)].  The 
experimental and theoretically calculated values of the polar angle α and γ are 
summarized in Table 12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 67. Molecular orientation of the PDMS film: (a) zig-zag conformation and (b) 
helical conformation. The structures are sketched by WinMOPAC3.9 version of 
computer program.       
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Table 12. Experimental and theoretically calculated values of the polar angle α and 
γ for the very thick and that of the samples with the thickness of 4.4 and 3.5 nm.   
Experimental values of  
the polar angle 
Theoretically calculated 
values of the polar angle 
Thickness/ 
Conformation 
α γ α γ 
Thick film 41 40 - - 
Film with thickness 4.4 nm 40 42 - - 
Film with thickness 3.5 nm 49 50 - - 
Zig-zag conformation   - - 0 (!) 0 
Helical conformation  - - 41.5 48.5 
 
 
For the peak B in the very thick and thin samples (Figs. 61 and 63), the experimental 
data follow the line with the α value ~40° which is almost coincided with the above 
theoretically obtained result of 41.5° for helical conformation. For the peak A, the 
experimental result of γ = 40° (Figs. 62 and 64) is also comparable with the calculated 
polar angle 48.5° for helical conformation. It is proposed that the multilayer film is 
composed of helix structure and perpendicularly oriented on the ITO surface.  
It has been observed for thin film (sample #c) that the experimental data followed the 
line with α and γ values = ~50° (Fig. 65 and 66). This implies that the thin films are 
tilted on the substrate surface and/or the PDMS molecules are randomly oriented. The 
possible reasons could be explained as follows: (i) the first layer of the film might be 
randomly oriented due to the roughness of the top surface layer of ITO and/or parallel to 
the surface with helical configuration. The average roughness of the ITO surface was 
found to be around 10 nm which is reported in the reference.[149] (ii) the molecules are 
partly standing-up and partly flat-lying and (iii) the molecules are tilted at an angle close 
to the magic angle (54.7°).     
In order to verify the above speculations the PDMS films were deposited by using 
HOPG as the substrate. 
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Figs. 68 and 69 show the Si K-edge NEXAFS spectra at different incident angles θ of 
the SR beam for the PDMS films on HOPG surface with different thickness. At the 
grazing incidence of the SR, four peaks marked by A, B, C and D are observed at the 
same photon energy of 1842.0, 1843.2, 1845.2 and 1848.6 eV, respectively. The 
intensity of the peak A increased and the intensity of the peak B decreased when the 
incident angle becomes low. Therefore, it is implying that the polarization dependence 
of NEXAFS is just opposite as it was observed for the films on ITO. From this 
observation it is revealed that the backbone of the PDMS, i.e. the Si–Si bond, is parallel 
to the HOPG surface.       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 68. Si K-edge NEXAFS spectra taken at different incident angles of the SR 
beam (hν = 2.2 keV) for the sample with the thickness of 1.80 nm on HOPG. The 
NEXAFS spectra are taken by the TEY mode.  
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Fig. 69. Si K-edge NEXAFS spectra taken at different incident angles of the SR 
beam (hν = 2.2 keV) for the sample with the thickness of 1.25 nm on HOPG. The 
NEXAFS spectra are taken by the TEY mode. 
 
 
Figs. 70 and 71 show the normalized peak intensity I of the peaks A and B for the 
sample with the thickness of 1.80 nm of the NEXAFS spectra as a function of the 
incident angle θ of the SR beam. The normalization procedure is same as described 
previously. The areas calculated by peak deconvolution using Gaussian-curve fitting 
technique for the peaks A and B.    
After quantitative clarification of the polar angles for the sample with thickness of 
1.80 nm it is found that the experimental data follow the line with polar angle ~65°. It is 
evident that at least the backbone of the PDMS is not perpendicularly oriented on the 
HOPG surface.   
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Fig. 70. Normalized peak intensity I of the NEXAFS spectra for the sample with 
the thickness of 1.80 nm on HOPG as a function of the incident angle θ of the SR 
beam. The filled circles are the experimental values.  
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Fig. 71. Normalized peak intensity I of the NEXAFS spectra for the sample with 
the thickness of 1.80 nm on HOPG as a function of the incident angle θ of the SR 
beam. The filled circles are the experimental values.     
 
 
This is the first results for the observation of the molecular orientation and the polar 
angle by means of precise analysis of polarization dependence of the thin film of silicon 
polymer. Although the substrate temperature have a key role in determining the 
ordering of the adsorbed molecules, the orientation may also be influenced by the other 
synthesis parameter such as layer thickness, evaporation rate and the morphology of the 
substrate.   
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6.4. Conclusion 
 
 The self-ordering of PDMS films has been investigated by NEXAFS and XPS 
spectroscopy using linearly polarized SR as an excitation source. The films were 
deposited on ITO and HOPG substrates by high vacuum evaporation method.  The films 
have at least four NEXAFS peaks of which two peaks are strongly polarization 
dependent. The polarization dependence of NEXAFS revealed that the backbone of the 
Si–Si bond for thick film is perpendicularly oriented to the ITO surface with polar angle 
of 40°. As the polarization dependence disappeared after annealing at 80°C, the PDMS 
film was almost parallel and/or randomly oriented to the ITO surface after annealing. 
On the basis of the polarization dependence of NEXAFS, finally, it is found that the 
backbones of the PDMS molecules were parallel against the HOPG surface with the 
polar angle of 65°. The results are just opposite to those for the study about PDMS on 
ITO where the backbones are perpendicular to the surface. The difference of the 
orientation between ITO and HOPG surfaces is attributed to the difference in the 
configuration of the first layer depending on the surface morphology.                 
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Syntheses of single phase of the crystalline B–C–N hybrid films and its structural 
characterization by spectroscopic methods are the main endeavor of this dissertation. 
Concurrently, efforts have been taken to establish a method for precise analysis of the 
molecular orientation of low-dimensional silicon polymer of PDMS films by NEXAFS 
using linearly polarized synchrotron radiation as an excitation source.   
At the beginning, the sp2-bonded BCN hybrid films were synthesized on Si(100) 
substrate. The sp2-bonded BCN phase with h-BN-like configuration was depicted by 
FT-IR. The crystalline phase was not confirmed by XRD due to the short-rang order. 
XPS confirmed that the films are composed of various B–N, B–C and C–N bonds and 
hence the formation of sp2-BCN atomic hybrid. The NEXAFS measurement suggested 
the sp2-B–C–N hybrid configuration like-BN3 together with small amount of the other 
local structures. The polarization dependence of NEXAFS indicated that some parts of 
the sp2-BCN layers may orient in the direction perpendicular to the Si substrate.   
Preparation of the single phase of crystalline h-BCN hybrid with high C content has 
been succeeded. The long-range hexagonal crystalline phase is confirmed by XRD. The 
orientation is precisely examined for the samples prepared on different substrates. 
Considerable decrease in the π* resonance peak and increase in the σ* peak was 
confirmed from the polarization dependence of the B K-edge and N K-edge NEXAFS 
analysis which confirmed the perpendicular orientation of the h-BCN basal planes on 
the Si substrate. The polarization dependence for the samples on Ni (111) also 
confirmed the well-ordered structure. Single phase of the h-BCN phase almost parallel 
and/or randomly oriented structure was confirmed on the Ti substrate.      
Stoichiometric growth of the BCN hybrid films on HOPG has been succeeded. The 
stoichiometry almost B1C1N1 was confirmed by XPS. However, the crystalline structure 
was not improved as suggested from the XRD and Raman spectral analyses. From the 
precise analyses of the NEXAFS it is found that evidence of the existence of fine 
structures is not clear. Polarization dependence of the B K-edge and N K-edge of 
NEXAFS spectra was not clear which indicate that the films are composed of randomly 
oriented structure and/or some parts are parallel to the HOPG surface.  
Finally, the self-ordering of the silicon polymer of polydimethyl-silane (PDMS) 
films synthesized by high vacuum electron bombardment technique has been studied. 
The Si K-edge NEXAFS spectra for the thick films on ITO and HOPG have at least four 
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resonance peaks of which two peaks are found to be strongly polarization dependent. 
Polarization dependences show that the PDMS molecules are self-ordered and the 
backbones of the PDMS are perpendicularly oriented to the ITO surface. On the basis of 
the quantitative analyses of the peak intensities as a function of the incident angles of 
the X-rays, it is proposed that the PDMS is standing-up orientation on the ITO surface 
with helical conformation rather than the zig-zag structure. The polarization dependency 
disappeared for the annealed sample at about 80°C which suggests that the PDMS are 
almost parallel and/or randomly oriented to the ITO surface after annealing. On the 
other hand, it was found that the molecular orientation of PDMS on the HOPG surface 
is completely opposite to those of the samples on the ITO surface. On the basis of the 
polarization dependences, it is revealed that the backbones of the PDMS molecules are 
nearly parallel to the HOPG surface.  
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